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ABSTRACT 
Regenerative capabilities are seen in varying degrees throughout the phylogenetic tree. 
Are the genes and signaling pathways employed by regeneration found in all metazoans 
and recruited by mechanisms conserved in regenerative organisms, or have organisms 
developed ways to recruit them de novo? We brought the power of comparative 
genomics to bear on a portion of this broad question, and a cohort of genes was found 
that appeared to only be conserved in organisms capable of somatic tissue replacement 
as adults. Those genes were characterized in silico, then whole-mount in situ 
hybridizations were performed for each gene. Functional analysis using double-stranded 
RNA-mediated RNA interference (RNAi) was implemented to determine effects on 
regeneration. The hypothesis was that effectors of regeneration are only conserved in 
animals capable of somatic tissue regeneration as adults. No genes fitting that 
particular description were found in this study; however, there were complications with 
the investigation, and this work leaves the question unresolved. 
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Chapter 1: 
Model Organisms for Studying Whole Body Regeneration 
From: Regenerative Medicine. Ed. Robert Fisher. Jones & Bartlett Learning. 
Stary JM and PA Newmark. (2012) 
 
1.1 Introduction 
We seek to decipher the mechanisms of regeneration in order to better understand the 
world around us, to satisfy our drive for knowledge and in the hopes of implementing 
those processes in human medicine. Humans, like all organisms, are faced with 
challenges after tissue damage or loss. Those damaged cells and tissues need to be 
removed and the missing cells and tissues must be replaced. Regenerating animals 
require a source of new cells to replace those lost; however, proliferation and/or 
differentiation of replacements must be tightly regulated to produce the appropriate cell 
types in the appropriate numbers. Newly formed tissues require proper patterning and 
regulation of growth so the appropriate amount of new tissue is formed. The 
regenerated tissues must then be integrated with the uninjured tissues to produce a 
properly functioning regenerate; this integration may require extensive tissue 
remodeling. To study these processes, we use organisms able to regenerate significant 
portions of their bodies. These analyses provide a wealth of experimental material from 
which we may investigate the mechanisms affecting tissue regeneration. 
 
Regeneration of a complete new organism from a small fragment of tissue is known as 
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whole body regeneration. This amazing ability is observed in widely divergent 
organisms, from the most basal metazoans to an invertebrate representative of the 
chordates. Examination of the regenerative strategies used by these various animals 
demonstrates several of the different ways in which missing tissues can be replaced and 
may help answer a fairly fundamental question about regeneration: is it an ancient 
ability that has been selectively conserved (or lost) in lineages over time, or has it 
developed repeatedly, in many lineages, throughout the course of evolution? 
 
Phylogenetic surveys reveal widespread regenerative abilities throughout the 
metazoans: most animal phyla contain species capable of some manner of somatic 
tissue regeneration (Figure 1.1) (Sánchez Alvarado, 2000; Sánchez Alvarado and 
Tsonis, 2006). However, regenerating and non-regenerating groups are found among 
closely related organisms. Therefore, regenerative abilities may represent an ancestral 
attribute that is selectively lost, or it may have evolved independently in multiple 
lineages (Brockes et al., 2001; Bely and Nyberg, 2009). Understanding of the molecular 
mechanisms underlying regenerative processes in several different animals will certainly 
aid in elucidating this matter. Unfortunately, organisms capable of whole body 
regeneration have not been amenable to classical genetic analyses. Over the last 
decade, though, those directions have brightened considerably as molecular and 
genomic tools were been adapted for those non-genetic model organisms. RNA 
interference (Fire et al., 1998) has been utilized successfully to inhibit gene expression, 
bringing reverse genetics to many of these animals. Improvements in DNA sequencing 
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technologies have made it straightforward to produce extensive libraries of genes for 
cataloging the transcriptomes of organisms of interest. Those technologies have made 
genome sequencing far more accessible, and genomes have been completed for several 
animals relevant to whole body regeneration. 
 
There are many organisms with the capacity for whole body regeneration, and the work 
in this thesis sought to make use of the extensive genetic and genomic data to 
investigate whether there are pathways conserved only in regenerative organisms that 
affect the regenerative capabilities. However, the focus of this introduction will be on 
representative species that are playing significant roles in the studies of whole body 
regeneration: sponges, Hydra, planarians, and Ascidians. 
 
1.2 Porifera: the Sponges 
The sponges are sessile, water-dwelling (primarily marine), filter feeders comprising an 
estimated 15000 species. Three classes (Demosponges, Hexactinellids, and Calcareous 
sponges) are distinguished from one another by the morphology and composition of the 
internal skeleton. All three classes display excellent regenerative capabilities. Sponges 
lack true tissues and organs, and consist instead of aggregates of individual, 
differentiated cells that function largely autonomously. Sponges are typically irregularly 
shaped, but may be cylindrical, tubular or vase-like, lending the appearance of radial 
symmetry to some species. The body is formed by two epithelial layers—an outer 
pinacoderm and an inner choanoderm—surrounding a mesenchymal layer, known as 
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mesohyl, consisting of collagen fibrils, a skeleton of embedded spicules, and several 
different cell types (Figure 1.2). Water flows into the body through pores in the outer 
layer, driven by the flagella of choanocytes, the digestive cells that comprise the 
choanoderm; water flows out through a larger opening known as the osculum. In 
addition to sexual reproduction, some sponges are capable of reproducing asexually, 
either by budding or by forming cysts known as gemmules. The sponge stem cells are 
referred to as archaeocytes; these migratory, phagocytic cells reside in the mesohyl and 
are thought to be responsible for the regenerative abilities of the sponge (see Müller, 
2006; Funayama, 2008 for reviews). 
 
H. V. Wilson (1907a, 1907b) showed that mechanically dissociated sponge cells could 
re-aggregate and regenerate a complete new organism. By mixing dissociated cells 
from different species, Wilson found that cells only re-aggregated if they were derived 
from the same species; inter-specific re-aggregation was not observed. Thus, even 
these very simple organisms possess mechanisms enabling their somatic cells to 
distinguish self from non-self. Later work showed that the animals could also be 
dissociated in calcium- and magnesium-free artificial sea water, revealing the 
requirement for extracellular divalent cations in cell adhesion (Moscona, 1963; 
Humphreys, 1963). Species-specific aggregation is mediated by an extracellular factor 
released into the supernatant when sponges are chemically dissociated (Humphreys, 
1963). This aggregation factor was purified and found to be a very large proteoglycan 
shaped like a “sunburst” (Henkart et al., 1973; Cauldwell et al., 1973). These 
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proteoglycans are recognized by aggregation factor receptors on the cell surface to 
mediate cell-cell adhesion (Varner et al., 1988). 
 
This self versus non-self recognition also applies to individuals within a given species. 
Purified fractions of either archaeocytes or choanocytes isolated from a given individual 
did not aggregate with these same cell types from another individual, suggesting that 
the identity of the individual was maintained in all of its cell types (De Sutter and Van 
de Vyver, 1979). Grafting experiments with isogeneic strains generally resulted in 
successful fusion; whereas, grafting in allogeneic strains resulted in a high degree of 
rejection (Pancer et al., 1996; Müller et al., 1999). The rejection processes include 
cytotoxicity, necrosis, and sensitization, much as in human graft rejection (Sabella et 
al., 2007). To study the basis of this recognition, hundreds of Microciona prolifera grafts 
were analyzed for acceptance or rejection and restriction fragment-length 
polymorphisms were analyzed in the gene encoding aggregation factor (AF). 
Polymorphisms in the AF gene correlated perfectly with graft acceptance or rejection 
(Fernandez-Busquets and Burger, 1997). Other studies indicate that sponges possess 
homologs of many genes known to be involved in graft rejection pathways (Müller and 
Müller, 2003), and have shown that immuno-suppressants used to lower the incidence 
of acute graft rejection after transplants in humans, FK506 (Müller et al., 2001) and 
Cyclosporin A (Sabella et al., 2007), can successfully suspend graft rejection in sponges. 
 
The differentiated cells of the sponge are thought to originate from stem cells known as 
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archaeocytes. Cell fractions (from the freshwater sponge Ephydatia fluviatilis) enriched 
in archaeocytes were prepared by Ficoll gradient centrifugation; aggregates of these 
enriched archaeocytes produced functional sponges, whereas fractions lacking 
archaeocytes did not (De Sutter and Van de Vyver, 1977). Ultrastructural analyses of 
archaeocyte-derived aggregates revealed their differentiation into pinacocytes (cells of 
the outer layer) and choanocytes (Buscema et al., 1980). The order of differentiation 
resembles that seen when sponges develop asexually from gemmules—cysts formed 
during asexual reproduction that can withstand freezing, high temperature, and drying. 
Gemmules contain aggregated archaeocytes loaded with food reserves; during 
gemmule formation they are encapsulated in a collagenous coat, and become 
binucleate (Langenbruch, 1981). Upon germination, these archaeocytes differentiate to 
form a complete sponge (Höhr, 1977). 
 
To understand the processes regulating archaeocyte differentiation, molecular analyses 
have begun to define markers for the various differentiated cell types in sponges, 
including choanocytes, sclerocytes (the cells that produce the spicules), pinacocytes, 
and archaeocytes (see Müller, 2006; Funayama, 2008 for reviews). Because of the 
evolutionary position of sponges and their potential for clarifying the origin of metazoan 
characteristics, molecular analyses have also been used to identify sponge orthologues 
of genes that encode conserved transcription factors (Larroux et al., 2008) and 
signaling molecules (Adamska et al., 2007); some of these serve as cell type-specific 
markers (Adell et al., 2003; Gazave et al., 2008). 
7 
 
Despite the apparent simplicity of these organisms, such analyses make clear that 
sponges possess homologs of the major metazoan signaling pathways and components 
of the cell adhesion machinery (Nichols et al., 2006). The genome of the marine 
desmosponge, Amphimedon queenslandica has been sequenced by the Joint Genome 
Institute (Degnan et al., 2008) along with >80,000 expressed sequence tags. Given the 
range of important biological questions that can be addressed in sponges—from 
understanding the evolution of metazoan-specific features to stem cell differentiation—
application of gene function analysis will be a remarkable addition and a great aid in 
understanding the processes of regeneration. 
 
1.3 Cnidaria  
Cnidarians comprise one of the basal lineages of metazoans (Dunn et al., 2008); they 
have tissues derived from only two germ layers (endoderm and ectoderm), fixed body 
axes with radial symmetry, multiple sensory systems, a coordinated muscular system, 
and a gastrovascular cavity. Cnidos means “stinging nettle,” and Cnidarians possess a 
characteristic cell—the cnidocyte (also known as a cnida or nematocyte); this cell has 
specialized organelles called cnidocysts that can be discharged with great velocity to 
deliver toxins or sticky substances to capture prey. The phylum Cnidaria contains an 
estimated 11000 species in four classes: Scyphozoans (jellyfishes), Cubozoans (sea 
wasps), Hydrozoans (diverse forms), and Anthozoans (sea anemones and coral). Body 
plans of the first two classes are primarily medusae—the stereotypical jellyfish form. 
Hydrozoans, with the exception of Hydra, cycle between medusae and polyp forms. 
8 
 
Hydra and the anthozoans exist exclusively as polyps. Most cnidarians are marine, 
though for regeneration studies, the most commonly studied representative is the 
solitary, freshwater Hydra (see Holstein et al., 2003; Galliot et al., 2006; Bosch, 2007 
for reviews).  
 
Hydra's body plan—the polyp form—is a simple tube with an oral-aboral axis (Figure 
1.3a). The oral (gastric) portion of the trunk ends in a ring of tentacles and has the 
tube's single opening, which functions as both mouth and anus. The closed aboral 
(peduncle) portion of the trunk ends in a mucous-secreting disk (foot) that serves as 
the attachment point of the animal to its substrate. The Hydra body is composed of two 
epithelial cell layers surrounding an extracellular matrix called mesoglea (Figure 1.3b). 
Ectodermal myoepithelial cells comprise most cells of the epidermis (outer layer); the 
tentacles also contain epidermal cnidocytes. The gastrodermis (inner layer), which faces 
the gastric cavity (coelenteron), is made of endodermal myoepithelial cells and 
secretory gland cells. Between the two layers are nerve cells, interstitial cells, and the 
mesoglea. 
 
Hydra tissues are in a continual state of renewal; three different pools of stem cells 
maintain the animal's body plan and permit reproduction by asexual budding. 
Ectodermal and endodermal myoepithelial cells cycle slowly, with an average mitotic 
cycle of three days (David and Campbell, 1972; Dubel et al., 1987), producing new 
epithelial cells for the epidermis and gastrodermis, respectively (Campbell, 1967a). The 
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third pool consists of the interstitial cells, responsible for maintaining gland cell, nerve, 
and nematocyte populations (David and Murphy, 1977). In all three populations, as new 
cells are generated, older cells move within their tissue of origin toward the axial poles 
and terminal differentiation (Campbell, 1967b), or to an evaginating region in the trunk 
that leads to bud formation (Otto and Campbell, 1977). The terminally differentiated 
cells that move into the mouth, tentacle, or foot regions—the only areas of the animal 
without mitotic activity—replace cells lost by sloughing, while buds form from mitotically 
active epithelial cells recruited from the body column. Hydra balance high levels of cell 
proliferation with cell loss, thus maintaining a stable body size and shape. 
 
Hydra has been studied for several hundred years, and the field of experimental biology 
is said to have its origins with Abraham Trembley's experiments on Hydra regeneration, 
published in 1744 (Lenhoff et al., 1986). When cut into multiple pieces, all but the 
bottom sixteenth of the animal—the foot—and the top sixteenth—the tentacles—are 
able to regenerate a whole animal. Hydra can also be dissociated to single cells that can 
reaggregate, then regenerate into a whole animal (Gierer et al., 1972). Hydra can 
regenerate independent of proliferation, as blocking cell division using gamma-
irradiation (Hicklin and Wolpert, 1973) or hydroxyurea (Cummings and Bode, 1984) 
does not prevent head regeneration. These experiments demonstrated that Hydra can 
regenerate by remodeling existing tissue to form a proportionally smaller whole animal; 
however, they do not rule out the contribution of proliferation during the normal course 
of regeneration. 
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In addition to being the first scientist to document whole-body regeneration in an 
animal, Trembley used Hydra to perform the first grafts of animal tissues (Lenhoff et 
al., 1986). Subsequent generations of investigators have utilized such grafting 
experiments to investigate the mechanisms by which Hydra tissues are patterned. For 
example, transplantation of a hypostome to the body column of a recipient Hydra 
induces the formation of a new head and secondary axis (Browne, 1909). Thus, the 
hypostome acts as an “organizer” similar to the dorsal lip of amphibian embryos. 
Additional grafting experiments, using tissues derived from the body column instead of 
the hypostome, reveal positional differences in the ability to induce a secondary axis 
(MacWilliams, 1983a). Grafted tissues originating close to the head are much more 
effective at producing a new head than are tissues located closer to the foot. These 
regional differences in head-inducing ability have been interpreted to reflect a gradient 
of a “head activator,” with a peak at the hypostome (Bode and Bode, 1984). Differential 
labeling to distinguish between donor and host tissues reveals that the head-inducing 
properties of the hypostome and body column tissues are distinct. Hypostome 
transplants induce the host tissue to produce new heads; whereas body column tissues 
reorganize themselves to generate the new heads (Broun and Bode, 2002). Similar 
transplantation experiments suggest that another graded signal emanates from the 
head: a head inhibitor that prevents the formation of additional heads in the highly 
regenerative body column (MacWilliams, 1983b). Biochemical analyses identified a low-
molecular-weight substance called “Head Activator” that stimulated regeneration of 
extra tentacles (Schaller, 1973). This substance was found to be an 11 amino acid 
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neuropeptide (Schaller and Bodenmuller, 1981) that acts as a mitogen (Schaller, 1976) 
and stimulates head-specific differentiation processes (Schaller et al., 1989), rather than 
acting as a morphogen. 
 
Current research on Hydra benefits from an extensive toolkit, including: expressed 
sequence tag (EST) collections, in situ hybridization, transgenics (Wittlieb et al., 2006), 
gene knockdown by RNA interference (RNAi) (Lohmann et al., 1999; Chera et al., 
2006), and a sequenced genome (Miller et al., 2007). Additional secreted peptides have 
now been identified that influence regeneration, including: one affecting the number of 
tentacles regenerated (Takahashi et al., 2005), two putative foot activators (Takahashi 
et al., 1997, Harafuji et al., 2001), and another head activator, named HEADY 
(Lohmann and Bosch, 2000). The HEADY gene is not expressed at detectable levels in 
intact animals, but is strongly upregulated in the nascent head region during 
regeneration. Incubating wounded animals in synthetic HEADY peptide results in 
formation of multiple heads, whereas knockdown by RNAi results in defective head 
regeneration. Secreted peptides are known to be involved in development and 
regeneration of many animals (Grotendorst et al., 2005; and reviewed in: Morriss-Kay 
and Sokolova, 1996; Gritli-Linde et al., 2001; Waschek, 2002); work with Hydra has 
shown that several peptides are capable of affecting pattern formation during 
regeneration. Deciphering the complex signaling behind these effects will aid in 
characterizing mechanisms of peptide signaling in morphogenesis. 
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In vertebrates and invertebrates, regeneration is generally considered to be nerve-
dependent. For many years, Hydra appeared to be an exception to this rule. In the late 
1970s, nerve-free strains of Hydra were described: a naturally occurring mutant was 
isolated from laboratory cultures (Sugiyama and Fujisawa, 1978); another strain was 
induced by eliminating rapid-cycling interstitial cells with pulsed treatments of colchicine 
(Marcum and Campbell, 1978). These animals lack interstitial cells and their lineages, 
including: nerves, secretory gland cells, and cnidocytes. As one may expect, lack of 
these cells leads to myriad defects: animals cannot adhere to substrates, feed 
themselves or egest waste, and they also exhibit greatly diminished reflexes to tactile 
stimuli. But they are able to regenerate, and though the initial rate is significantly 
reduced—it takes approximately double the time to initiate tentacle regeneration—the 
process is accurate. This work suggests that regeneration in Hydra is nerve-
independent. However, recent work has shown that in wild-type animals, neurogenesis 
is necessary for proper apical patterning during regeneration (Miljkovic-Licina et al., 
2007). Previous work had shown that interstitial cells in S phase at the time of 
decapitation differentiate to become the first contributors to new nerves of the 
regenerating head. RNAi was used to knock down expression of the homeobox-
containing gene cnox-2, which is expressed in interstitial cells undergoing neural 
differentiation and in differentiated neurons (Gauchat et al., 2000). RNAi resulted in 
varying degrees of head regeneration failure (Miljkovic-Licina et al., 2007) that 
correlated positively with the extent of gene knockdown. The nerve-free mutant strain 
of Hydra showed no sensitivity to cnox-2 knockdown. These results, along with studies 
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of aneurogenic limb regeneration in amphibians, paint a complex picture for the role of 
nerves during regeneration. Tissues of amphibians and Hydra grown without normal 
innervation retain the ability to regenerate, though at a much slower rate. However, if 
those same tissues are innervated, as in wild-type animals, or renervated, regeneration 
becomes nerve-dependent. Certainly, there is more to this story, and the nervous 
system's effects on regeneration remains an active area of investigation.  
 
Cell and tissue polarity in metazoans is established by the Wnt pathway (see Tada et 
al., 2002; Strutt, 2003; Croce and McClay, 2006; Karner et al., 2006 for reviews). 
Components of this pathway, including Wnt, beta-catenin and TCF are upregulated in 
the nascent head region of regenerating Hydra (Hobmayer et al., 2000). Alsterpaullone  
upregulates beta-catenin signaling, and is able to induce expression of head organizer 
genes throughout the animal's body column (Broun et al., 2005). Using this drug, beta-
catenin signaling was induced in intact transgenic animals, resulting in lineage-specific 
changes in gene expression. (Khalturin et al., 2007). Interstitial cells differentiating into 
nematoblasts (nematocyte precursors) are normally found in clusters throughout the 
body column, and nematoblasts differentiating into nematocytes are found only in the 
tentacles; both of these cell types can be identified by expression of specific genes. In 
whole animals treated with alsterpaullone, the body column nematoblast clusters are no 
longer detectable, and appear to be replaced by the differentiating nematoblasts 
normally restricted to the tentacles. This effect was specific to the nematocyte lineage, 
as there were no effects on neuroblasts or nerves. Thus, the Wnt pathway functions not 
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only as an indicator of polarity during regeneration, but also regulates differentiation 
and cell fate specification during homeostasis. 
 
Recent work has established a connection between Wnt signaling and apoptosis during 
Hydra wound healing and regeneration. Apoptosis—programmed cell death—is a tightly 
regulated component of many biological processes (see Fadeel and Orrenius, 2005; 
Hipfner and Cohen, 2004 for reviews). Many genes, proteins and processes involved in 
mammalian apoptosis are conserved in Hydra, including: proteases called caspases 
involved in the apoptotic cascade; homologs of anti-apoptotic proteins Bcl-2, Bax and 
Bak; and characteristic morphological changes of apoptotic cells (Cikala et al., 1999). 
Bisected Hydra exhibit differential apoptosis at the two wound sites (Chera et al., 
2009). The foot-regenerating half has few apoptotic cells at its wound, whereas the 
head-regenerating half has a large number of apoptotic cells at its wound. Analysis of 
the dying cells revealed that almost all were of the interstitial cell lineage. Applying 
caspase inhibitors to head-regenerating halves blocks apoptosis, disrupts both Wnt and 
beta-catenin signals, and prevents successful head regeneration. By contrast, caspase 
inhibitors do not affect foot regeneration. Strikingly, inducing apoptosis at the wound 
site of foot-regenerating halves triggers Wnt and beta-catenin expression as observed 
in an head-regenerating wound; this ectopic apoptosis can lead to the formation of 
another head instead of a foot. The apoptotic cells express Wnt-3, which stimulates 
beta-catenin activity in the surrounding cells, and serves to stimulate their proliferation. 
Thus, during regeneration, dying cells can produce Wnt signals that serve both to 
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stimulate compensatory proliferation and to pattern the newly formed tissues. 
  
In addition to Hydra, another Cnidarian that may serve as a useful model for whole 
body regeneration is the starlet sea anemone, Nematostella vectensis. They are 
exceptional regenerators, amenable to captive breeding and standard genetic crossing, 
and produce large numbers of easy-to-manipulate eggs (see Darling et al., 2005 for 
review). Extensive genetic data are available, including a sequenced genome and EST 
libraries (Putnam et al., 2007), and gene knockdowns can be performed using 
morpholinos (Rentzsch et al., 2008). Due to these traits, Nematostella looks to become 
a powerful system for studying the processes of development and regeneration. 
 
1.4 Platyhelminthes  
The phylum Platyhelminthes (the flatworms) has approximately 25000 representatives. 
These worms are unsegmented, bilaterally symmetrical, triploblastic acoelomates; they 
exist primarily as endo- or ecto-parasites. The class Turbellaria, however, consists 
mostly of free-living flatworms, including marine, benthic, freshwater, and terrestrial 
species, with a few commensal representatives. Because the majority of research on 
flatworm regeneration has been performed on freshwater planarians (see Newmark and 
Sánchez Alvarado, 2002; Reddien and Sánchez Alvarado, 2004 for reviews), they will be 
the subjects of this section. 
 
Freshwater planarians have a typical worm shape (elongated along the anterior-
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posterior axis) (Figure 1.4a), show clear cephalization, and are dorsoventrally flattened. 
They range in size from a few millimeters to over two centimeters. Planarians have 
well-defined tissues and organs (see Newmark and Sánchez Alvarado, 2002 for review). 
The nervous system includes paired cephalic ganglia in the head region, antero-dorsal 
photoreceptors that extend visual axons to the medio-posterior portion of the cephalic 
ganglia, and paired ventral nerve cords that run the length of the animal, connected by 
transverse commisures (Figure 1.4b). An extrudable, muscular pharynx is located in the 
central region of the animal and serves to pump food into the gut. The digestive system 
consists of three primary branches with secondary and tertiary ramifications: one 
primary branch extends from the pharynx anteriorly, while the other two curve laterally 
around the pharynx, one to each side, and project posteriorly. 
 
The regenerative capabilities of planarians have been known for several hundred years 
(see Newmark and Sánchez-Alvarado, 2002 for review) and have been the subject of 
intense investigation. Planarians continually replace their tissues, and the dynamics of 
homeostatic tissue replacement depend on nutritional status, allowing them to grow 
when fed and “de-grow” when starved, scaling their bodies in an allometric manner 
(Oviedo et al., 2003). In addition to homeostatic replacement of tissues, as little as 
1/279th of a planarian could regenerate a whole animal (Morgan, 1898). Rapid 
regeneration of whole animals from injured fragments is the planarian specialty, and 
neoblasts—planarian stem cells—are responsible for replacing an animal’s lost tissues. 
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Neoblasts reside in the mesenchyme surrounding the gut branches and exhibit 
morphological characteristics typical of undifferentiated cells. They are approximately 5-
8 microns in diameter and possess a large, diffuse nucleus surrounded by a thin rim of 
cytoplasm. Cells with this simple morphology are estimated to comprise ~25% of the 
planarian's total cells (Baguñà and Romero, 1981). Because they are the only 
proliferating somatic cells in the animal, neoblasts can be labeled selectively with 
bromo-deoxyuridine (BrdU), a thymidine analog incorporated into DNA during S-phase 
(Gratzner, 1982). Using immunofluorescence, BrdU-labeled neoblasts can be visualized, 
showing their distribution throughout the mesenchyme, with two exceptions: they are 
absent from the pharynx and head region anterior to the photoreceptors, the two areas 
unable to regenerate a whole animal after amputation (Newmark and Sánchez 
Alvarado, 2000). 
 
Gamma-irradiation of planarians destroys the neoblasts, and renders the animals both 
unable to regenerate and incapable of homeostatic renewal; animals perish 3-4 weeks 
after exposure. This susceptibility to radiation has been used to study many properties 
of neoblasts. After amputation, nonirradiated animals regenerate completely in one to 
two weeks; by contrast, completely irradiated animals are unable to regenerate and die. 
If half the animal is shielded while the other half is irradiated, the irradiated half 
becomes necrotic and lyses; by contrast, amputation within the irradiated region 
triggers a regenerative response such that the animal is able to maintain the irradiated 
region (Wolff and Dubois, 1948). In the partially irradiated animals blastema formation 
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is delayed, and the delay is proportional to the length of the irradiated region. This 
work suggested that the cells responsible for regeneration can migrate within the 
animal from the nonirradiated region to the irradiated region, and that wounding can 
stimulate this migration. Additionally, completely irradiated animals can be rescued 
using neoblasts isolated from dissociated planarians (Baguñà et al., 1989). The fraction 
of dissociated cells able to pass through a 10-micron filter is enriched in neoblasts 
(~90%) and irradiated animals injected with this fraction formed regeneration 
blastemas after wounding; animals injected with differentiated-cell fractions could not. 
More recent work has validated these initial investigations, and has shown a single-cell 
transplant can restore regeneration in those completely irradiated animals (Wagner et 
al., 2011) 
 
Two species of freshwater planarians—Dugesia japonica and Schmidtea mediterranea—
have been studied intensively, and in the past decade many molecular tools have been 
adapted for the study of planarian regeneration. These include: in situ hybridization 
(Umesono et al., 1997), RNAi (Sánchez Alvarado and Newmark, 1999), and several 
collections of ESTs (Sánchez Alvarado et al., 2002; Mineta et al., 2003; Zayas et al., 
2005; Ishizuka et al., 2007). Schmidtea mediterranea has a small, stable, diploid 
genome that has been sequenced (Robb et al., 2008). Studying this classic 
experimental system with molecular tools has established planarians as powerful 
models for studying regeneration cues, pattern formation and maintenance, as well as 
stem cell regulation. 
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To identify genes expressed in the neoblasts, investigators have compared gene 
expression patterns in irradiated and non-irradiated animals, both by in situ 
hybridization and microarray analyses. Because neoblasts show a defined distribution 
throughout the mesenchyme of the animal, in situ hybridization to detect genes 
expressed in neoblasts will reflect this pattern. After irradiation, the neoblasts are 
destroyed and this mesenchymal expression pattern is no longer observed. Such 
changes in expression after irradiation have been observed for planarian homologs of 
known stem/proliferating cell genes, several of which exhibit functional conservation in 
stem cells from diverse organisms. 
 
For example, planarian homologs of the PIWI/Argonaute family are necessary for 
successful regeneration and play important roles in differentiation and cell fate (Reddien 
et al., 2005b; Palakodeti et al. 2008). Similarly, Smed-bruli, a representative of the 
Bruno-like family of RNA-binding proteins, is required for neoblast self-renewal (Guo et 
al., 2006). Microarray analysis of mRNA expression identified genes expressed 
differentially after irradiation in Dugesia japonica (Rossi et al. 2007) and in Schmidtea 
mediterranea (Eisenhoffer et al., 2008). The former compared mRNA expression in 
planarians exposed to high and low doses of gamma irradiation. Low-dose irradiation 
induces a cohort of genes that may be involved in planarian stress response and growth 
factor signal transduction pathways; homologs of these genes have been characterized 
in other organisms, and affect apoptosis, migration, growth, and differentiation (Rossi 
et al., 2007) The latter study revealed cohorts of genes showing different responses to 
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irradiation over time. Genes with rapidly decreasing expression (within 24 hours) after 
irradiation were expressed in more “internal” cells of the animal; whereas genes with 
slowly decreasing expression (48 or 96 hours after irradiation) were expressed in cells 
found more peripherally. These “slowly decreasing” cohorts of cells are thought to 
represent distinct stages in the differentiation of neoblast progeny (Eisenhoffer et al., 
2008). 
 
Histological and ultrastructural investigations identified several stages of planarian 
regeneration; recent molecular analyses have sought to reveal the genetic processes 
underlying these stages. After amputation, a planarian's wound is closed rapidly by 
muscle contraction (Chandebois, 1980) and epidermal cells migrate across the cut 
surface to create a wound epithelium (Morita and Best, 1964). There is a local burst of 
neoblast proliferation (Dubois, 1949; Saló and Baguñà, 1984) and these neoblasts give 
rise to the unpigmented regeneration blastema. Within this blastema proliferation is 
rarely observed (Pedersen, 1972), but cells rapidly begin to differentiate (Sengel 1960). 
As the missing structures reform, the pre-existing tissues also undergo remodeling 
(Agata et al., 2003), thus ensuring that the correct proportions of the original animal 
are restored (Oviedo et al., 2003). Finally, the new structures must be integrated with 
the pre-existing tissues in order to restore proper functioning (Inoue et al., 2004). To 
identify genes required for proper execution of the regeneration program in planarians, 
a large-scale RNAi screen was performed. This study identified over 200 conserved and 
novel genes involved in the aforementioned stages of regeneration (Reddien et al., 
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2005a). This screen for regeneration genes revealed some of the signaling pathways 
involved in the processes of planarian regeneration, and also uncovered previously 
unreported defects in regeneration, tissue homeostasis, and behavior.  
 
One potential driving force for initiation of blastema formation after wounding is the 
interaction of opposing epithelia (Kato et al., 1999). Those interactions were tested by 
grafting tissues from different regions of the animal (head, trunk or tail) in various 
orientations (flipped dorso-ventrally, rotated 180º along the anteroposterior axis, or in 
the original position). Only grafts in which the dorso-ventral axis was inverted induced 
an unpigmented, blastema-like ring around the graft, resulting in cup-shaped ectopic 
outgrowths. Tissue on the newly formed cup’s outer surface developed characteristics 
of the tissue surrounding the graft, while tissue inside the cup developed characteristics 
of its original side. For example, a ventral-projecting cup surrounding the dorsal tissue 
of an inverted plug has photoreceptors inside the cup, indicating that the plug’s dorsal 
polarity is actively maintained; genes normally expressed along the intact animal’s 
dorsoventral margin are induced on the rim of the tissue cup. Grafts in which the 
anteroposterior axis was reversed did not induce formation of blastema-like tissue and 
subsequent outgrowths. Thus, this work suggests that induction of the blastema and 
subsequent tissue outgrowth may be triggered by the interaction of dorsal and ventral 
epithelia. 
 
Recent work has shown that the highly conserved Wnt pathway genes [beta-catenin 
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(Smed-bcatenin-1), adenomatous polyposis coli (Smed-APC-1), and Wingless/Int (Wnt) 
family genes] also play a role in anteroposterior polarity in planarian regeneration and 
homeostasis (Gurley et al., 2008; Petersen and Reddien, 2008; Adell et al., 2009). After 
knockdown of Smed-bcatenin-1 by RNAi, head pieces regenerate a second head in 
place of the tail; by contrast, RNAi of the beta-catenin inhibitor Smed-APC-1 causes tail 
pieces to regenerate a tail in place of a new head. These results suggest the beta-
catenin-mediated Wnt pathway functions in planarians as it does in other organisms: 
beta-catenin signaling specifies posterior identity, whereas APC-mediated 
downregulation of beta-catenin signaling is necessary for specification of anterior 
identity. Several different genes of the Wnt family are expressed differentially along the 
anteroposterior axis (Petersen and Reddien, 2008), and RNAi knockdowns of Wnt family 
members cause defects in anterior-posterior patterning and identity. These include 
expansion of the cephalic ganglia and brain branches outside their “normal” fields 
(Kobayashi et al., 2007) as well as two-headed and two-tailed phenotypes, such as 
those observed in beta-catenin and APC knockdowns (Adell et al., 2009). APC RNAi 
results in ectopic expression of posteriorly expressed frizzled-4 from anterior blastemas, 
and tails regenerate in place of heads; whereas beta-catenin RNAi results in lack of 
frizzled-4 expression in the posterior blastema, and heads regenerate instead of a tails 
(Gurley et al. 2008). Thus, beta-catenin and APC, known components of the canonical 
Wnt signaling pathway, play significant roles in determining and maintaining the 
polarity of planarian tissues. 
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Numerous biological processes are required for successful regeneration: including, 
wound healing, initiation of regenerative mechanisms, tissue patterning, and 
homeostasis. Investigations of planarian regeneration have begun to identify numerous 
conserved genes required to regulate wound healing, neoblast self-renewal, 
proliferation, and differentiation (Wenemoser et al., 2012). Continued application of the 
functional genomic resources available for studying these organisms should provide 
additional insight into these and other mechanisms underlying the amazing regenerative 
abilities of planarians. 
 
1.5 Urochordates: the Tunicate 
Of the animals exhibiting whole-body regeneration, the Tunicates—Subphylum 
Urochordata or Tunicata—are the most closely related to the vertebrates. These 
invertebrate members of the Phylum Chordata share many traits with their Vertebrate 
relatives, and recent phylogenetic analyses suggest that they are the sister group of the 
Vertebrates (Delsuc et al., 2006). Chordate features observed in the Tunicates include: 
a notochord with an overlying dorsal nerve cord and a post-anal tail (observed in the 
free-swimming tadpole larvae), as well as pharyngeal slits and a gland that secretes 
iodinated compounds (the endostyle in Tunicates, the thyroid gland in mammals). Most 
of these chordate traits are lost after metamorphosis, when the tadpole larva settles 
onto a substrate, resorbs its tail, and remodels into its sessile, adult form. 
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The best-studied of the Tunicates belong to Class Ascidiacea, the Ascidians, and are 
commonly referred to as sea squirts. The body of adult Ascidians is embedded in a 
secreted sheath, known as the tunic (hence, the name Tunicata). These filter-feeding 
animals have two openings in the tunic; water enters through the incurrent buccal 
siphon, passes through slits in the pharynx (which captures food and typically occupies 
a large portion of the body) and exits via the excurrent atrial siphon (Figure 1.5a). 
Species exist in either solitary or colonial forms; the former reproduce strictly sexually; 
whereas the latter can reproduce either asexually or sexually. Of the solitary species, 
Ciona intestinalis is a widely used model for developmental studies: its genome is 
sequenced (Dehal et al., 2002) and it is susceptible to a wide range of experimental 
manipulations for dissecting the pathways that direct chordate development (Shi et al., 
2005). A complete genome sequence is also available for the related species, Ciona 
savignyi (Vinson et al., 2005), facilitating the identification of conserved non-coding 
sequences (Shi et al., 2005). Ciona is also capable of regenerating its siphons, but this 
regeneration is unidirectional (Berrill, 1951; Whittaker, 1975). 
 
Although regenerative abilities are widespread throughout the ascidians (Berrill, 1951), 
whole body regeneration in adults is limited to the colonial species, of which Botryllid 
species (Botryllus schlosseri and Botrylloides leachi) are emerging as important 
experimental models (Manni and Burighel, 2006; Manni et al., 2007; Rinkevich et al., 
2007a). Each colony of botryllids is comprised of clusters of clonal individuals, known as 
zooids, which are embedded in the tunic. The tunic and the vessels of the circulatory 
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system are shared among all zooids in a colony. The zooids are oriented with their atrial 
siphons pointing towards each other and opening into a centrally located cloacal siphon, 
while the buccal siphons point away; this organization gives the clusters a star-like or 
rosette appearance (Figure 1.5b). A new colony forms when a free-swimming larva 
attaches to a substrate and undergoes metamorphosis, producing a parent zooid that 
generates progeny via asexual reproduction. The bud is formed from the body wall of 
the zooid, in a process known as palleal budding. The parent zooid produces buds that 
will develop into new zooids, and these buds possess their own nascent buds; thus, 
three generations co-exist in a single colony. Approximately once per week, the colonies 
undergo a process known as “take-over” in which the parent zooids undergo apoptosis 
and regress, and their buds develop into fully functional adults. This rapid growth 
contributes to the invasiveness of colonial Ascidians and their ability to invade marine 
communities (Hewitt et al., 2002). 
 
In addition to palleal budding (that occurs from the body wall), some botryllid species 
are capable of undergoing vascular budding, in which buds are formed by blood cell 
aggregates in ampullae. This ability to bud a new organism from the vasculature can 
lead to some remarkable regenerative properties. For example, when small fragments 
of ampulla and blood vessels (containing approximately 100-200 blood cells) were 
excised from Botrylloides leachi colonies, these tissue fragments were able to produce a 
fully functional zooid over the course of 2-3 weeks (Rinkevich et al., 1995). Botryllus 
schlosseri can also undergo vascular budding to regenerate new individuals. Surgical 
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removal of all zooids and buds from a colony, while leaving the vasculature and tunic, 
can result in the regeneration of new zooids and buds. In vivo imaging and histological 
analyses revealed that both the morphology of the bud and the times at which various 
tissues formed during vascular budding differed considerably from what is observed 
during palleal budding (Voskoboynik et al., 2007). Intriguingly, over the course of 
successive generations of palleal budding, the abnormal body forms produced during 
vascular budding in this species were gradually converted into the normal colony 
morphology; thus, several alternative developmental trajectories may ultimately give 
rise to the same body form in this organism (Voskoboynik et al., 2007). 
 
As the colonies expand asexually, they exhibit a histocompatibility reaction. At the 
vascular periphery, sausage-shaped vascular structures known as ampullae interact 
with ampullae on adjacent colonies. Compatible colonies will fuse their ampullae, 
yielding a chimera with a shared vascular network. By contrast, incompatible colonies 
will destroy their ampullae and prevent fusion. A highly polymorphic 
fusion/histocompatibility locus (FuHC) directs this response: colonies that share at least 
one allele will fuse; colonies with no shared alleles will exhibit the rejection response. 
Molecular cloning of the FuHC locus revealed that it encodes a member of the 
immunoglobulin superfamily (De Tomaso et al., 2005). A candidate receptor involved in 
histocompatibility has also been identified: short interfering RNA-mediated knockdown 
of the fester gene blocks fusion of compatible colonies and prevents the rejection of 
incompatible colonies (Nyholm et al., 2006). Understanding the mechanisms of 
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histocompatibility in Botryllus should provide new insights into the evolution of 
vertebrate immunity. 
 
The histocompatibility reactions displayed by Botryllus are likely important for 
maintaining genetic diversity in wild populations by preventing the infiltration of stem 
cells from other colonies. When chimeras are generated by colony fusion, the cells of 
one colony, including the germ line, may be replaced completely by cells from the other 
colony, with hierarchies of genetic “winners” and “losers” (Stoner et al., 1999). Laird et 
al. (2005a) utilized fluorescence-activated cell sorting and transplantation of limiting 
dilutions of the isolated cells to show that stem cells carried in the blood were 
responsible for this cellular replacement. Transplantation of single stem cells from 
“winning” genotypes resulted in long-term, stable chimaerism in either the somatic 
tissues or the germline, but not both (Laird et al., 2005a). Recent transplantation 
experiments suggest that the endostyle serves as a niche for somatic stem cells in 
Botryllus. In vivo imaging revealed that fluorescently labeled cells from this region were 
recruited to developing buds and regenerating tissues; furthermore, cells from this 
region could also induce long-term chimerism when injected into recipient colonies 
(Voskoboynik et al., 2008). 
 
Several molecular tools are now available for studying the mechanisms of whole body 
regeneration in these animals, including: in situ hybridization (Tiozzo et al., 2005); 
monoclonal antibodies (Lapidot et al., 2003; Lapidot and Rinkevich, 2006); expressed 
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sequence tags (Oren et al., 2007; Rinkevich et al., 2007a); and RNA interference (Laird 
et al., 2005b). Use of such tools has revealed a role for retinoic acid signaling in whole 
body regeneration in Botrylloides (Rinkevich et al., 2007b). In situ hybridization showed 
that a Botrylloides homolog of the retinoic acid receptor was expressed early in the 
aggregating blood cells that give rise to the regenerates and, later, throughout the 
regenerating buds (Rinkevich et al., 2007b). Retinoic acid signaling also appears to be 
active in the stem cell niche in Botryllus, reflected by high expression of the retinoic 
acid-synthesizing enzyme retinaldehyde dehydrogenase in the blood cells as well as 
epithelial cells of the endostyle (Voskoboynik et al., 2008). Pharmacological inhibition of 
retinoic acid synthesis or retinoic acid receptor function as well as knockdown of the 
retinoic acid receptor by RNAi resulted in a complete arrest of regeneration. By 
contrast, exogenously added all-trans retinoic acid led to accelerated regeneration and 
overproduction of buds (Rinkevich et al., 2007b). Similar approaches (i.e., use of RNAi 
and pharmacological inhibitors) have revealed a role for a Botryllus homolog of vascular 
endothelial growth factor receptor (VEGFR) in vascular regeneration in Botryllus, in 
spite of the differences in the origin and morphology of the Botryllus vascular system 
when compared to that of vertebrates (Tiozzo et al., 2008). Thus, several conserved 
signaling molecules function during whole body regeneration in botryllids. Research on 
these invertebrate chordates holds great promise for furthering our understanding of 
the molecular networks that underlie whole body regeneration and regulation of adult 
stem cells. 
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1.6 Additional Systems  
As discussed, whole body regeneration is not only observed in basal metazoans, but 
phyla from both lophotrochozoan and deuterostome lineages (Figure 1.1). Due to this 
conservation “low” in the phylogenetic tree, regeneration has been widely considered to 
be an ancestral trait that has been lost during evolution (see Bely and Nyberg, 2009 for 
review). However, it is unclear why such an apparently beneficial trait would not be 
maintained. To understand the nature of this loss—and indeed, whether regeneration is 
truly an ancestral trait—a greater understanding is needed of regenerative mechanisms 
from animals at all levels of the phylogenetic tree. At present, there are a host of 
additional organisms capable of whole body regeneration being used to investigate 
regenerative processes. The relative ease with which cellular and molecular 
technologies can now be employed offers hope that during investigation of these 
animals, considerable light will be shone upon the genes and pathways affecting 
regeneration. 
 
Although the exact placement of many of these organisms at the base of the metazoan 
tree remains a matter of discussion (Medina et al., 2001; Dunn et al., 2008; Hejnol et 
al., 2009; Mallatt et al., 2009), the fact remains that these animals are capable of 
whole-body regeneration and will provide a wealth of information. The phylum Placozoa 
is represented by the exclusively marine Trichoplax adherens (Schierwater, 2005). 
Placozoans are incredibly simple, consisting of only four cell types. Trichoplax, like 
sponges, can be dissociated to single cells and can regenerate new organisms from re-
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aggregated cells (Kuhl and Kuhl, 1966; Ruthmann and Terwelp, 1979). Much work still 
remains in order to understand the basic biology of Trichoplax, but the availability of a 
complete genome sequence (Srivastava et al., 2008) should facilitate studies of 
regeneration in these simplest of animals. 
 
Ctenophores are known as comb jellies, and although they resemble jellyfish, they can 
be distinguished from Cnidarians by the eight highly ciliated, locomotory combs (ctenes) 
arrayed in longitudinal plates along their bodies and by their lack of cnidocytes. Recent 
phylogenetic analysis suggests that Ctenophores may be the sister group to the 
remainder of the metazoans (Dunn et al., 2008). Adult Ctenophores are capable of 
regenerating a complete organism from a fragment of the body; however, Ctenophore 
embryos do not exhibit such regulative abilities. If half of an embryo is removed, it will 
produce a half-animal; intriguingly, such half-animals can later generate a complete 
organism, independent of wounding (Martindale, 1986; Henry and Martindale, 2000). 
This ability to generate structures that were not present to begin with suggests an 
intrinsic mechanism for detecting the presence of a complete body plan (Henry and 
Martindale, 2000). Mnemiopsis leidyi has had its genome sequenced; analysis here also 
shows the presence of the developmental TGF-β signaling pathway (Pang et al., 2011), 
but the genes’ roles in the regenerative process have not yet been investigated. 
 
Recent phylogenetic analyses suggest that Acoels—long thought to be members of the 
Platyhelminthes—may represent the sister group to the Bilateria (Ruiz-Trillo et al., 
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1999; Hejnol et al., 2009). Like flatworms (see section 2.04), several Acoels have 
tremendous regenerative abilities that rely upon an adult stem cell population 
(Gschwentner et al., 2001; Sikes and Bely, 2009). Acoels also show interesting variation 
in reproductive modes: for example, transverse fission, longitudinal fission, and 
reversed-polarity budding are all used for asexual reproduction within the genus 
Convolutriloba (Sikes and Bely, 2008). Future work should help clarify the phylogenetic 
positions of Acoels and Ctenophores as well as provide insight into their intriguing 
regenerative abilities and reproductive mechanisms. 
 
Annelids are segmented worms divided into three major groups: polychaetes (Class 
Polychaeta), oligochaetes (sub-class Oligochaeta), and leeches (sub-class Hirudinoidea). 
These animals display a rather bewildering array of regenerative abilities. Some 
oligochaetes and polychaetes are capable of regenerating a new organism from even a 
single midbody segment (Berrill, 1952); by contrast, leeches cannot regenerate missing 
segments after amputation. In oligochaetes and polychaetes, the capacity to regenerate 
posterior structures is widespread (but by no means universal), whereas the 
regeneration of anterior structures is more limited; there are also differences in how 
many segments can be regenerated and which regions of the body can regenerate 
(Bely, 2006). Studies of closely related annelids with different regenerative potentials 
should help clarify why some species have lost their ability to regenerate. 
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Echinoderms are marine deuterostomes that are divided into five distinct classes: 
Asteroidea (starfish), Crinoidea (sea lilies, feather stars), Echinoidea (sea urchins, sand 
dollars, sea biscuits), Holothuroidea (sea cucumbers) and Ophiuroidea (basket stars, 
brittle stars). Crinoids are the most accomplished regenerators of the Echinoderms; 
they can regenerate one or more arms, and under optimal conditions can regenerate 
whole bodies from arm segments. Asteroids can regenerate arms and bodies from arm 
segments. Sea cucumbers can only regenerate the intestine and its associated muscle 
layers; they capitalize on this ability by using self-evisceration as a defense mechanism. 
The sea urchin has a sequenced genome, (Sea Urchin Genome Sequencing Consortium, 
2006) and is a favorite model for understanding embryonic development but has limited 
regenerative ability as an adult; thus, there remain significant opportunities for studying 
whole-body regeneration in the varied Echinoderms. 
 
1.7 Summary 
The study of invertebrates capable of whole-body regeneration enables researchers to 
examine questions that are critical for understanding the limited regenerative capacity 
of humans. What types of signals at wound sites trigger regenerative responses? What 
is the source of the cells that give rise to the newly regenerated tissues? What factors 
stimulate their proliferation after wounding? How do cells “know” when to stop dividing 
when the appropriate amount of new tissue has been formed? Does the nervous 
system play a primary role in regeneration? To what extent are developmental 
pathways re-deployed during the restoration of missing tissues? What is the relationship 
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between homeostatic renewal and regeneration? Such questions about wound healing 
involve fundamental cellular and developmental processes such as: cell-to-cell and cell-
to-extracellular matrix interactions, stem cell proliferation, differentiation, apoptosis, 
axial patterning, and the regulation of scale and proportion.  
 
Thus, while those questions can be broadly studied, we must remember to continually 
examine regeneration across the phyla. If the regenerative processes are highly 
conserved and the differences lie in how animals are able to recruit those processes, 
further research would provide insight into how we might do the same in regenerative 
medicine. Likewise, if there are particular pathways that have been lost, or if there are 
regeneration programs conserved in regenerative animals, further research would serve 
to provide ideas by which we may recruit those processes in medicine. The study of 
regeneration in “simpler” organisms will certainly help us understand the extent to 
which regenerative mechanisms have been conserved evolutionarily and will also 
provide significant insight into the factors that serve to limit human regenerative 
abilities. 
 
It is too early to make statements about regeneration being an ancestral or acquired 
trait. However, at present, nearly all of these animals are showing conserved 
developmental genes being involved in regeneration. This was expected, and highlights 
the importance of studying the entire process of regeneration. Those associated 
processes must be studied in diverse phyla is we hope to answer whether regenerative 
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processes use primarily conserved cues (Wenemoser et al., 2012); signals coopted or 
derived from other processes (Kumar et al., 2007); or some combination of the two. 
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Chapter 2: 
Introduction to functional genomic studies 
 
2.1 Genomic and genetic studies 
At the outset of this thesis investigation, the amount of publicly available genetic and 
genomic sequence data was increasing rapidly. This was due to significant technological 
innovations permitting faster, larger, and less expensive sequencing endeavours. 
Already-large collections of data were expanding and new projects seemed to be 
starting daily. This can be clearly evidenced by examining the publication record. In the 
late 1990s and early 2000s, entire journal articles were devoted to the sequencing of 
individual human chromosomes (Hattori et al., 2000). In the mid-2000s, analysis of an 
organism’s entire genome became standard (Bernstein et al., 2005, Locke et al., 2003), 
and more recently we have seen genome-level comparisons within (Maydan et al., 
2007) and between organisms (Monot et al., 2009). Similar trends were seen with 
examination of gene expression, but the acceleration of data production in this sphere 
occurred somewhat faster than the genome analyses. This chapter will address the 
changes in genetic and genomic analyses in recent history, how these changes drove 
the acceleration of comparative analyses, and how functional studies have become an 
important adjunct to these large collections of data. 
  
Tremendous amounts of data were and are produced from a variety of techniques. 
Initial large scale sequencing projects were essentially huge rooms filled with rows upon 
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rows of industry-standard ABI sequencers employing a Sanger-variant method of dye-
terminator reactions coupled with capillary electrophoresis. Machines employing this 
method analyze one sequence at a time, producing about 2.5Mb of data per day. While 
no longer cutting edge technology, they are still in use due to their accurate, relatively 
low cost runs that provide long stretches of sequence data. Compared to current 
technologies, using these machines for large projects would be brute force high-
throughput, that is, large scale sequencing would require many machines. This is 
compared to true high throughput machines that run many sequencing reactions at 
once. There are several types of this massively parallel sequencing: 454 pyrosequencing 
(454 Life Sciences, Branford CT) and Ion semiconductor sequencing (Ion Torrent, South 
San Francisco CA) produce 100Mb of data in a matter of hours, but at a much higher 
price, while Illumina sequence-by-synthesis (Illumina, San Diego CA) and SOLiD 
ligation-based sequencing (Life Technologies, Carlsbad CA) produce 200-600Gb of data 
at a slightly higher price than capillary sequencing, with runs 7-9 days in length. These 
newer machines employ different techniques to determine sequence data, but all 
produce smaller, slightly less accurate fragments than the Sanger-variant method; 
however, due to the sheer number of reactions performed the repeated coverage of a 
particular area results in a high degree of accuracy. At present, machines running these 
massively parallel protocols are the primary producers of genomic and genetic data. 
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2.2 Data analysis and assembly 
The raw data must be processed. Massive computing power is required to compare and 
assemble these sequence fragments and such capabilities have scaled in accordance 
with the data production. Early assembly software such as phrap (PHRagment Assembly 
Program, copyright 1994 Phil Green), Sequencher® (Sequence analysis software, Gene 
Codes Corporation, Ann Arbor, MI USA),  and Staden (Dear & Staden, 1991) were 
developed to assemble expressed sequence tags (ESTs). As chromosome and genome 
assembly became the goal, software evolved to manage these larger contiguous 
sequences, and newer programs such as TIGR (Sutton et al., 1995) were developed. 
The strengths and weaknesses of the differing algorithms became a matter of individual 
preference, yet all were working with output from capillary electrophoresis machines. As 
the data output from sequencing machines changed—smaller fragments, lower 
accuracy, many more sequences—the traditional algorithms used by these older 
programs were of decreased utility and new programs had to be developed. Also, each 
massively parallel platform has its own proprietary software for assembling the raw 
data. So currently, there are many programs to choose from: proprietary, paid or free. 
Of the older programs, only Sequencher adapted their software for current generation 
sequencing projects, and it is currently capable of managing output from all manner of 
sequencing machines. Several companies (DNAStar, DNAnexus and SequentiX) have 
focused on having their programs’ functionality encompass all massively parallel 
platforms, and there are a great many assembly programs that focus on one or two 
platforms. 
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Large-scale analyses of genes and genomes 
This massive production of data enabled expansive analyses of many sorts, including 
studies of gene conservation across varied lineages. This type of study had been 
performed before—the analysis of changes in a gene or gene family between two 
organisms (Shapiro et al., 1989)—but the scope was now changing. It was possible to 
compare the entire genetic repertoires of multiple model organisms, thus determining 
the changes in the composition of multiple gene families or known developmental 
pathways (Rubin et al., 2000). As the sequencing methods became faster and more 
affordable, the available data grew rapidly and studies of conservation were no longer 
limited to the popular model organisms, but could encompass entire transcriptomes or 
genomes of a broad range of animals, providing results derived from species 
throughout the phylogenetic tree (Kortschak et al., 2003). 
  
The inclusion of all sequence data (genetic or genomic) is one of the great advantages 
of these large-scale analyses. As opposed to focused studies of known and/or 
previously characterized genes, the large-scale studies are generally unbiased in their 
approach. However, it should be noted that the algorithms and methods of analysis 
were initially designed and tested using known sequences; thus the continual updating 
and revision of analysis programs is essential. The extensive sequence data now 
available permits an array of analyses: characterization of homology, orthology and 
paralogy (Wyder et al., 2007), assessment of potential protein structure and conserved 
domains. Through these studies, it is possible to find previously uncharacterized genes, 
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new members of known gene families, or novel associations between gene families. 
Putative function can also be inferred by comparing uncharacterized genes with their 
well-studied homologs, or genes that code for proteins with similar structures and 
domains (Putnam et al., 2007). Besides investigation of new genes, having the 
transcriptomes and genomes available permits the assessment of losses or gains such 
as deletions or duplications of genes. We know these changes occur and that patterns 
of change throughout the phylogenetic tree have been demonstrated (Ponting, 2008). 
What remains to be seen and adequately assessed is the significance of these changes, 
which is where the “functional” genomic analyses come into play.  
 
2.3 Comparative genomic studies 
With the possibility of large-scale comparative studies across multiple organisms now a 
reality, how have they been implemented over the past several years? Can they be 
used to examine gene complements of diverse phyla to uncover genes underlying 
particular traits, and how useful is this information? Susan Dutcher’s lab looked for 
commonalities in proteomes from two eukaryotes that produce flagellae 
(Chlamydomonas reinhardtii and Homo sapiens) and then removed any proteins also 
found in a nonflagellated eukaryote (Arabidopsis thalania), thus determining a “flagellar 
proteome.” Among several other genes, this analysis revealed a gene integral in 
flagellar function, previously identified as BBS5, a gene disrupted in Bardet-Biedl 
Syndrome (Li et al., 2004). They thus gave a direction to the problems associated with 
the disease and demonstrated the usefulness of comparative genomics for identifying 
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genes important to human biology. Studies ranging from cardiogenesis (Kim, 2007) to 
longevity (Hamilton et al., 2005) have used large-scale, targeted screens in invertebrate 
model systems to identify genes applicable to human/vertebrate biology. 
 
2.4 Bioinformatic annotation 
Public databases of genes, proteins and genomes are continually expanding, providing 
vast numbers of characterized gene and protein sequences. For many years, the 
primary means of assessing similarity across organisms has been the BLAST algorithm 
(Altschul et al., 1990, Altschul et al., 1997). More recent ideas take the assessment of 
similarity from BLAST and add higher levels of data including the protein function, the 
processes proteins are found to be involved with, and where in the cell the protein is 
generally located. This particular set of data is called Gene Ontology (Ashburner et al., 
2000). It is quite effective in assigning putative functions, and has been used in 
planarian studies to identify genes expressed in the sexual tissues (Zayas et al., 2005). 
However, Gene Ontology assignment requires an uncharacterized protein to have 
homology to an already characterized protein. This is different than Clusters of 
Orthologous Groups (COG), which collected proteins from whole genomes of 
prokaryotic cells, assembled the proteins into groups of orthologs, analyzed the groups 
for conserved domains, and annotated the domains with a strict set of functional 
categories (Tatusov et al., 2000, Tatusov et al., 2001). To assign a COG category, an 
uncharacterized protein needs to be analyzed for the presence of conserved domains. 
At the time of the queries, COG assemblies and categorization had been performed for 
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a small sampling of eukaryotes: Saccharomyces cerevisiae, Schizosaccharomyces 
pombe, Arabidopsis thaliana, Caenorhabditis elegans, Drosophila melanogaster and 
Homo sapiens (Tatusov et al., 2003). Finally, the SignalP 3.0 module of BioPERL 
(Stajich et al., 2002) uses two algorithms (Hidden Markov modeling and Neural 
Network) to assess the likelihood a particular protein sequence contains a signal peptide 
and cleavage site (Bendtsen et al., 2004). 
   
2.5 Functional Studies 
At our current level of capability, bioinformatic analysis of genes and genomes is a 
relatively poor predictor of a gene’s specific function. The analyses can predict 
conserved domains, potential cleavage sites or binding partners, giving one a 
reasonable idea of potential function, even highly conserved genes’ proteins show 
species-specific functional variability. For highly conserved genes, the variations are 
expected to be small, with minor temporal changes in expression and activation. That is 
not necessarily the case, however (Jensen et al., 2006), and even highly conserved 
processes essential for an organism’s life, performed with highly similar proteins, can 
exhibit major fluctuations in the amplitude and temporality of their expression. For 
genes less involved in processes essential to a cell or organism’s life, there may be 
fewer constraints, and variability has the potential to be much greater. Therefore, even 
with rigorous bioinformatic analysis and annotation, functional assessment is recognized 
as an essential component of gene discovery. Current methods for reverse genetic 
screening are dominated by double-stranded RNA-mediated gene silencing, or RNA 
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interference (RNAi).  Since its discovery (Fire, 1999), it was rapidly adapted by 
functional genomics advocates (Kamath et al., 2003, Boutros et al., 2004), due to the 
relative ease of creating and delivering the dsRNA. Compared to developing transgenic 
animals or the variability of site-directed mutagenesis, gene silencing via RNAi has a 
much shorter turnaround time, thus permitting large-scale assessments of function to 
accompany the bioinformatic analyses. 
 
2.6 Summary 
The genomic and genetic landscape is growing rapidly. There are hosts of public 
genome projects producing usable information, and repositories make the data publicly 
available. Coupled with a variety of software available for analyzing that data, one 
needs only a question to begin work. The question here revolved around the existence 
and characteristics of conserved genetic pathways affecting regeneration. 
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Chapter 3: 
Planarian expressed sequence tags conserved in regenerative organisms: 
Bioinformatic analysis and characterization 
 
3.1 Introduction 
Genes and mechanisms of many biological processes are highly conserved across phyla. 
This has been observed throughout the era of molecular biology (Carrasco et al., 1984, 
Chan & Jan, 1999, De Robertis & Sasai, 1996, Kumar, 2001), and many studies 
continue to employ assessments of evolutionary conservation as a means to identify 
genetic and genomic sequences of importance (Boffelli et al., 2004, Dermitzakis et al., 
2005). As noted in Chapter 1, considerable work in regenerative biology has 
demonstrated the utility of developmental genetic pathways during regeneration; 
however, these pathways are universally conserved and are both present and functional 
during development in animals without regenerative capabilities as adults. Thus, the 
differences in regenerative capabilities may be due to an organism’s ability to recruit 
and control those pathways. This recruitment could take several forms: involvement of 
genes conserved with the developmental pathways that have been lost or altered in 
lineages throughout the course of evolution; or effectors that developed de novo in 
various lineages, conferring an advantage through an individualized recruitment of 
regenerative processes. Our methods were primarily geared to search for genes that 
would be the conserved effectors of regeneration, rather than the de novo type. We 
employed a comparative genomic approach. Using the large amount of sequence data 
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available from NCBI, a comparative assessment of genes present in regenerative and 
non-regenerative animals throughout the phylogenetic tree was performed. Universally 
conserved genes—primarily those associated with developmental pathways and basic 
cellular functions—were eliminated with this process. We then analyzed those 
remaining, selectively conserved genes for their effects on regeneration. 
  
Our comparative approach was centered on the characterization of expressed sequence 
tags (ESTs) from the planarian, Schmidtea mediterranea. As previously discussed in 
Chapter 1, the planarian is a classical model of tissue replacement and excellent 
regenerator of tissues (Newmark & Sanchez Alvarado, 2002). Thus, planarians are an 
excellent system with which to study genes affecting tissue replacement. This 
investigation purposed to provide information applicable to the field of regeneration 
biology by focusing on genes conserved in regenerative animals. Specifically, the work 
sought conserved components and mechanisms of tissue replacement found only in 
animals with regenerative capabilities as adults. We used EST sequences from our 
whole-animal libraries (Zayas et al., 2005) as a query set for BLAST comparisons 
(Altschul & Erickson, 1985, Altschul et al., 1990) (Table 3.1 and Figure 3.1). During the 
course of this work, the EST libraries were extensively screened, as well as aligned to 
draft genome sequences; each EST in the finalized group represents a gene and for the 
duration of this writing “gene” will be used in place of “EST” for such cases. For each 
EST, we searched for homologs in animals with and without adult somatic tissue 
replacement capabilities. To be further analyzed, a particular EST would have homologs 
45 
 
only in one or more regenerative animals, and would have no homologs in 
nonregenerative lineages. That group would then be further analyzed using available 
bioinformatic tools. 
 
Please see Chapter 7 for details of the comparative studies, but briefly, these further 
analyses included: general investigation of the ESTs homologs, assessment of 
conservation for each EST by the number of phyla in which it has homologs, the 
distribution of the top BLAST homologs throughout the phylogenetic tree, alignment of 
the ESTs to the Schmidtea mediterranea genome (Robb et al., 2008), using 
InterProScan (Quevillon et al., 2005) to assign Gene Ontology (GO) (Ashburner et al., 
2000) terms and determine potential conserved domains (Altschul et al., 1997, Bucher 
et al., 1996, Eddy, 1998, Scordis et al., 1999), classification of potential function using 
the Clusters of Orthologous Groups (COG/KOG) database terms (Tatusov et al., 2003, 
Tatusov et al., 2000, Tatusov et al., 2001), and identification of signal peptide anchors 
and cleavage sites using SignalP (Bendtsen et al., 2004) modules for BioPERL (Stajich 
et al., 2002). See Chapter 7 for details of the individual analyses. 
 
3.2 Results 
BLAST homology: Conserved cohort in regenerative organisms 
Initial BLAST analyses corroborated initial assessments performed during 
characterization of the Schmidtea mediterranea EST library (Zayas et al., 2005), 7460 of 
the 11589 ESTs, approximately 65%, had at least one BLAST homolog in the 
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represented protein collections. With a bit score cutoff of 44, e-values on the high end 
(poor matches) ranged from 1e-04 to 8e-05 with the low end (strong matches) maxing 
out their e-values at 0. Of these 7460 ESTs, 6703 (90%) had homologs present in both 
the regenerative and non-regenerative groups. Of the remaining ESTs, 342 had 
homologs only in the non-regenerative group, while 415 had homologs in the 
regenerative group (Figure 3.1). Using a combination of megaBLAST, BLASTN and 
Sequencher, each EST was aligned to Schmidtea mediterranea genomic shotgun 
sequences. These alignments showed that an additional 35 sequences were ESTs of the 
same gene that did not overlap during initial assembly: 25 sequences were from known 
5’ and 3’ sequencing pairs that did not align due to the large insert size in the 
sequencing plasmid, while 10 sequences did not align due to apparent alternative 
splicing. For those 10 ESTs, there were no apparent duplications in the genome, and an 
alignment algorithm allowing large gaps resulted in perfect alignment of the ESTs which 
suggested they were splice variants. Interrogation of those genome-aligned sequences 
revealed 5’ and 3’ cis-splice sites at each interval with appropriate removal of the 
introns. Thus, the non-overlapping sequences are likely the result of alternative splicing, 
apparently of the exon-skipping mode, rather than the alternative donor/acceptor site, 
intron retention, or exon exclusivity  types (Sammeth et al., 2008). These genes’ 
homologs have not been extensively investigated; however, sorting nexin 24 and BCSC-
1 are reported to have splice variants in humans, and while not verified, comparison of 
the planarian and human transcripts shows similar potential alternative splicing of the 
exon-skipping type (Gerhard et al., 2004, Martin et al., 2003). Evidence for the 
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conservation of alternative splicing has been mixed (Hsu et al., 2009, Yeo et al., 2005), 
but these two genes do appear to have conserved splicing. 
 
All planarian genes in the conserved group had a homolog in a vertebrate. The Bacteria, 
lower Metazoans (plants, amoebae, alveolates and mycetozoans) and yeast have a 
paucity of proteins homologous with the planarian genes, despite the availability of very 
large protein libraries from NCBI. Towards the center of the phylogenetic tree, the 
Cnidarians (at the time of the initial acquisition), acoelomates and crustaceans also 
have very few homologous proteins; however, these groups also had some of the 
smallest protein libraries in the study (Table 3.1). After reassessment of the genes with 
new protein collections (Placozoan, Poriferan, and Cnidarian) derived from genome 
sequencing projects, it was found that no new genes were included in the conserved 
group, though many within the already established conserved group were found to also 
have Cnidarian (239 hits), Poriferan (101 hits) and Placozoan (119 hits) homologs 
(Figure 3.3b). It is possible that fewer hits in a lineage may be due more to library size 
than true differences in homolog conservation. The substantial increase in Cnidarian 
homologs (from 2% of the conserved planarian genes to 62%) after a large increase in 
library size, and the paucity of homologous sequences from within the phylum 
Platyhelminthes, which had a very small protein library, makes a reasonable argument 
for this scenario.  
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BLAST homology: Assessment of homologous sequences 
Examination of all BLAST homologs for the conserved cohort showed that roughly 50% 
(186/380) of the genes’ top homologs were hypothetical, unknown or unnamed 
proteins. There had been many recent deposits of sequencing project results to NCBI at 
the time of assessment, and concerns arose that through sequencing artifact a large 
number of improper homologs would be assigned. Thus, we decided to examine the 
phylogenetic distribution of each gene’s closest homolog. An open-ended BLAST was 
performed using NCBI’s non-redundant protein database, and it provided the top BLAST 
hit for each gene. These were used to populate a bubble plot showing organisms from 
which the strongest sequence similarity is derived (Figure 3.2). There are a large 
number of genes with a Cnidarian homolog as the highest hit, and this group of 
homologs is also comprised almost entirely of predicted proteins. This prompted further 
analysis, and those genes all have homologs in other organisms, and they are 
categorized as hypothetical in those organisms as well (Table 3.2). Thus, the Cnidarian 
homologs do not represent an outgroup of predicted proteins from the lower 
metazoans, but rather reinforce the conserved nature of these predicted proteins across 
phyla. Approximately 92.5% of the top BLAST hits come from eumetazoan branches of 
the phylogenetic tree, 6% have the greatest homology with proteins from eukaryotes 
such as amoebae, alveolates, plants and Placozoans, and the final 1.5% have greatest 
homology with proteins from viruses and bacteria. 
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The BLAST homologs were examined to assess potential pathways or gene families with 
significant representation in the conserved cohort and would potentially affect 
regeneration. There were 10 genes homologous to TNF-receptor associated factors 
(TRAFs) in the conserved group, which is 2.63%. In the entire EST library there are a 
total of 63 potential TRAF gene homologs, approximately 0.54% of the library. The 
TNF-receptor associated factor group is large in the conserved group as well, with 
10/63 present in the conserved cohort. TRAFs are a diverse group of proteins, studied 
primarily for their involvement in immunomodulation; TNF receptors generally 
contribute to inflammatory processes by permitting and promoting activation of NF-
kappaB (Darnay et al., 1998, Leo et al., 1999). TRAF1 and TRAF2 affect the induction of 
TNF receptor-regulated apoptosis through recruitment of induction-of-apoptosis 
proteins (Kuai et al., 2003). TRAF2, TRAF3 and TRAF6 can bind directly with CD40 (a 
TNF receptor), and affect NF-kappaB and Jnk expression (Galibert et al., 1998, Leo et 
al., 2001). TRAF 3 is also required for the development of a functionally-competent T-
cell lineage (Xu et al., 1996). TRAF4 and TRAF6 associate with a different receptor type, 
the nucleotide-binding oligomerization domain (NOD) family. TRAF4 appears to act as a 
cytoplasmic sentinel, and attenuates the NOD-induced NF-kappaB response by binding 
to NOD2, thereby decreasing a cell’s immune response, but it also affects NOD’s ability 
to recruit caspases, thus decreasing a cell’s innate immune response (Marinis et al.). 
Very little is known about TRAF5, other than its ability to induce NF-kappaB signaling 
(Hauer et al., 2005). TRAF6 is an E3 ubiquitin ligase, and in addition to binding to CD40 
and NOD proteins, TRAF6 also binds to Toll family receptors, IL-1, and perhaps a host 
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of other proteins (Paul & Kumar, Stockhammer et al., Zucchelli et al., 2009), with the 
general result being the activation of NF-kappaB (Darnay et al., 1999). Binding is 
separate from the ubiquitin tagging for degradation (Walsh et al., 2008). A strong 
association with immunity suggests that a potential commonality highlighted by the 
comparative study would be function of the innate immune system; however, it does 
not preclude involvement in the regenerative process. In fact, knockdown of TRAF2 in 
the planarian Dugesia japonica resulted in pleotropic regeneration defects (Rouhana et 
al., 2010), and a TRAF homolog in Schmidtea mediterranea is upregulated in the tissue 
adjacent to a wound site for the first eight hours after injury (Sandmann et al., 2011). 
These data suggest a role for TRAFs during regeneration.  
 
Genes involved in patterning during embryogenesis are highly conserved throughout 
the metazoans. This includes the major signaling pathways TGF-beta, canonical Wnt, 
Hedgehog, and planar cell polarity. Dorsoventral patterning during planarian 
regeneration is necessary, and several components of the TGF-beta signaling pathway 
were present in the conserved cohort. This was surprising, as the majority of genes in 
these pathways are also involved in maintenance and regulation of the Drosophila 
germline stem cell niche. Five noggin homologs were included, which accounts for the 
entire complement of our EST library, but is not Schmidtea mediterranea’s entire 
repertoire of noggin homologs (Molina et al., 2009). Noggin was initially isolated from 
the Spemann organizer in Xenopus embryos (Lamb et al., 1993), and was noted to be 
both a dorsalizing and neutralizing factor in the TGF-beta pathway. Later investigations 
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showed it was able to antagonize BMP4 signaling; the interplay between the two helps 
establish dorsoventral polarity (Re'em-Kalma et al., 1995). Schmidtea mediterranea has 
ten noggin genes that have been found at present (Molina et al., 2009). An EST 
homologous to a lectin named X-epilectin, after its epidermal expression in Xenopus, 
has unknown function, but its expression is regulated by both BMP4 and noggin in 
Xenopus (Masse et al., 2004). These representatives of the TGF-beta pathway may be 
involved in patterning during regeneration. 
 
The last genes that, based on assessment of homologs, appeared to be good 
candidates for effectors of regeneration are the bromodomain-containing proteins. 
There are seven in the EST library, and the conserved cohort has two of them: a 
bromodomain containing 2 homolog, and a SNF2-related domain containing protein 
homolog. Bromodomains themselves are associated with chromatin remodeling. The 
domain recognizes acetylated lysines on the tails of histones H3 and H4, and after 
binding to them, bromodomain-containing proteins direct chromatin modifying enzymes 
such as histone acetyltransferases to very specific sites. Presently, the bromodomain-
containing proteins are known to be involved in myriad processes due to their 
chromatin remodeling abilities. These include neural development (Crowley et al., 
2004), regulation of cell-cycle (Mochizuki et al., 2008), viral suppression (Zhou et al., 
2009), and transcriptional regulation (Wu & Chiang, 2007). There are roles for all those 
processes during regeneration. 
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The statistics of prevalence suggest over-representation of these groups in the 
conserved cohort, but several limiting considerations must be noted. First, the planarian 
EST library is not a complete transcriptome. Second, the libraries to which the 
comparisons are made are also not complete. Third, many genes had a large number of 
homologs and efforts were made to thoroughly interrogate the lists. The hypothetical 
proteins were closely interrogated for potential characterized homologs; while human 
error is still possible, the numbers in the categories above are believed to be accurate. 
 
BLAST homology: Conservation across phyla 
Using Spotfire DecisionSite for Comparative Genomics a principal component analysis 
was performed to determine if there were similarities or trends among the conserved 
genes. The data used to perform the analysis was: bit score of homolog, size of 
predicted gene based on genome alignment, number of homologs for each gene 
attained by BLAST against the nr database, number of different phylogenetic tree 
branches that contribute a homolog, presence of conserved domains, and presence of 
canonical signal peptide sequence. The first component clustered the genes into six 
general groups (Figure 3.3a) that reflect a decreasing degree of conservation across the 
contributing phyla. These six groups were labeled PC1, containing genes with a 
relatively high degree of conservation, through PC6, which contained genes having very 
little evolutionary conservation. These six groups are approximately equal in size, and 
the only notable difference at this stage of investigation is that the most conserved 
group has the highest ratio of characterized to hypothetical proteins of the six groups—
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nearly 2:1 as opposed to approximately 1:1 for the other five groups (Figure 3.4). Chi-
squared analysis assessing the number of characterized and hypothetical proteins in the 
different component groups had a p<0.05, suggesting the highly conserved genes were 
more likely to have characterized homologs. 
 
Bioinformatic characterization 
After using InterProScan to assign GO annotation only 67 of the 380 genes had data for 
all three categories (Molecular Function, Biological Process and Cellular Component). 
Relaxing the stringency to focus primarily on assessment of putative function, 122 
genes (32%) were annotated in the Molecular Function and/or Biological Process 
categories; additional means of annotation were sought. InterProScan also showed that 
230 genes encoded at least one conserved domain. These were examined individually 
to ensure multiple domain genes were not just having redundant assignments; 55 
genes had more than one domain present, with 18 having three distinct domains, and 5 
having four distinct domains. The assigned domains were then used to query the 
Clusters of Orthologous Groups database from NCBI by hand. Assigning functional 
categories to the genes sequences based on conserved domains provided putative 
function prediction for the 122 genes with GO annotation, plus an additional 97 genes 
homologous to hypothetical proteins. However, the prediction for 33 genes was 
“Function unknown,” meaning that 186 of the 230 genes (80.8%) with conserved 
domains, or 48.9% of all genes in the conserved cohort were assigned putative 
functions. The breakdown of these COG categorizations is shown in Figure 3.5, and 
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shows 61 genes have domains known to be involved in signal transduction—by far the 
most represented category. Roughly equivalent numbers of genes had domains known 
to be involved in cell cycle control, cell division and chromosome partitioning (23 
genes); posttranslational modification, protein turnover and chaperones (23 genes); 
and defense mechanisms (22 genes). 
 
Given that such a large number of genes appeared to be involved in signal 
transduction, it was thought that this conserved cohort may have an overrepresentation 
of secreted proteins or signal-anchor proteins. After aligning the genes to genome 
sequence to ensure that the sequences contained a possible start codon, BioPERL was 
used to translate the nucleotide sequences into protein sequences. These were then 
run through the SignalP script, which searches for proteins in the canonical secretory 
pathway by scanning the protein sequences and assessing potential signal peptide 
sequences and peptidase cleavage sites (Bendtsen et al 2004). In addition to the 
conserved cohort, the entire EST library (11,500 sequences) was also analyzed with 
SignalP. There is no apparent enrichment of signal peptide-containing proteins: in the 
conserved group, 11.84% of the genes have signal peptide sequences and cleavage 
sites; in the EST library as a whole 11.88% have signal peptide sequences. Chi-squared 
analysis shows that for a difference in: 1) presence of a signal peptide sequence, 
p>0.05; 2) presence of a cleavage site, p>0.05; 3) presence of a signal anchor, 
p>0.05. In fact, there is likely to be an underestimation of the prevalence in the library-
wide estimation, as the EST library was not curated to assure start sequences in the 
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same manner as the conserved genes, raising the possibility that secreted proteins may 
be underrepresented in the conserved group. 
 
3.3 Summary 
The aims of these initial studies were to find and characterize genes conserved in 
animals capable of somatic tissue regeneration as adults, but lost in animals without 
such ability. It was thought that using this comparative strategy, novel effectors of 
regeneration would be identified, and that their conserved nature would lend a greater 
possibility of broad applicability in regeneration biology. 
 
Using available bioinformatic tools, it was shown that 380 sequences from the 
Schmidtea mediterranea EST library fit this description. Surprisingly, approximately 50% 
of these genes were homologous to conserved hypothetical proteins. Most of these 
hypothetical proteins’ genes have been identified in large-scale sequencing projects, 
and have not been further characterized, so the possibility that these sequences 
represented some idiosyncratic homogeneity was entertained. However, those genes 
have homologs to hypothetical proteins in several organisms (see Table 3.2 for an 
example), suggesting these genes were identified appropriately, and are simply 
uncharacterized. 
 
Several gene families have a strong presence in the conserved cohort. Genes 
homologous to TRAFs, bromodomain proteins and noggin/bmp signaling pathway 
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appear to be overrepresented in the conserved group. The TRAFs suggest we have 
selected for immune modulation, the bromodomain-containing proteins are generally 
involved in regulation of gene expression by their binding to chromatin and recruitment 
of additional chromatin modulators, and the noggins and x-epilectin are purported to be 
components of the planarian BMP signaling pathway, which is used to determine 
polarity during pattern formation. Thus, many of the genes had homologs that 
suggested potential connections to regenerative processes. 
 
After principal component analysis, the genes were divided into six groups based on the 
degree of conservation across the study’s phyla. In addition to the varying number of 
homologs across the lineages, there was another notable difference: the most 
conserved cohort had the highest ratio of characterized proteins to hypothetical 
proteins when compared to the other component groups. One explanation could be 
when more organisms express a particular gene, the chances of it being investigated 
increase. A high degree of conservation could also reflect involvement in critical 
processes, which would increase the likelihood of discovery through the perturbations 
(mutations, small molecule, etc.) commonly used in screens. At this point, it is unclear 
what differences—besides the number of homologs—exist between the conserved gene 
groups. 
 
Bioinformatic characterization from the COG database showed a large number of genes 
contain conserved domains involved in signal transduction, with a lesser number 
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associated with cell cycle control, cell division and chromosome partitioning; post-
translational modification, protein turnover and chaperones; and defense mechanisms. 
These data all correspond with the overrepresented groups described earlier (i.e. the 
TRAFs, noggins, and bromodomain-containing proteins). Given the great number of 
genes with potential signal transduction involvement, the conserved group was queried 
for possible enrichment of secreted proteins. However, there was no difference 
between the conserved group and the EST library as a whole. 
 
The analyses were performed with the knowledge that the libraries—planarian and all 
the others that are NCBI-in-origin—were incomplete. We purposed to design a study 
that would allow for changes in the availability of sequence data (as evidenced by the 
change in Cnidarian homologs and addition of Poriferans and Placozoans). However, it 
did not account for gross shifts in the fundamental assumption made from the outset, 
namely that Hexapods and Nematodes are incapable of regenerating adult somatic 
tissue. In 2008, a study (Ohlstein & Spradling, 2008) showed that adult Drosophila 
continuously renew the cells of their posterior midgut. Thus one of the necessary 
foundations of the study fell, and dealt a significant blow. Removal of one of the two 
nonregenerative lineages more than halved the number of genes in the conserved 
cohort. However, with the latter phase of the study near completion, the work was still 
finished. 
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Second, several of the measures (COG categories, hypothetical protein numbers) were 
reported from the conserved group only. While this does not affect the numbers found, 
but makes assigning significance difficult, as there are no comparisons or controls. At 
the time the studies were performed, these analyses were performed by hand. More 
recently, web-based programs have begun querying the COG/KOG databases remotely 
or hosting their own databases for rapid assignment of functional predictions, as well as 
construction of phylogenetic trees. Also, while the thorough analysis of “hypothetical” 
proteins could be computer-assisted with automated keyword searches, much would 
still need to be performed by hand. Thus, while the curation of the data would still 
require a significant amount of time, it can be done much faster at present. Further 
studies on this matter should strive to include appropriate controls in all aspects of the 
work. 
 
Finally, functional annotation based on homology to other organisms’ genes and 
proteins has been and is accepted in the scientific community—it forms the basis for the 
Gene Ontology and Clusters of Orthologous Groups databases—but until verified by 
further experimental analyses, all assignment of expression and function should be 
considered hypothetical or putative. Thus, the next sections describe experiments to 
determine the gene expression patterns of these conserved sequences, and determine 
the effects on regeneration.  
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Chapter 4: 
Planarian expressed sequence tags conserved in regenerative organisms: 
Characterization of expression patterns by in situ hybridization 
 
4.1 Introduction 
In situ hybridization has been used for decades as a means to localize RNA expression 
within tissues. Initial experiments utilized thin sections and radioactive labels until a 
seminal paper (Tautz & Pfeifle, 1989) outlined a protocol for performing whole mount in 
situ hybridizations in Drosophila embryos without a radioactive label; removal of those 
two significant constraints (sectioned samples and radioactive probes) greatly expanded 
the use and utility of the technique. In 1997 whole mount in situ hybridization came to 
the Tricladida when it was adapted for studies with the planarian Dugesia japonica 
(Umesono et al., 1997). Planarian experiments have employed it in a variety of ways 
since then. In addition to characterizing a specific gene’s expression pattern, in situ 
hybridization is used for verification of neoblast-specific gene expression loss after 
irradiation (Guo et al., 2006), identification of particular cell types within tissues (Collins 
et al., 2010, Mineta et al., 2003), and validation of microarray data (Rossi et al., 2007). 
However, for the work performed herein, it is used in the traditional exploratory 
fashion, to characterize the expression patterns of ESTs. 
 
The genes of the conserved cohort are mostly uncharacterized in planarians. This study 
sought to provide novel expression pattern data for those genes. Known expression 
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patterns aided in validation of early results during protocol modification. At present, 
expression patterns have been published for six of the genes’ homologs: nou darake 
(Cebrià et al., 2002a), SNF2-related domain-containing protein (Reddien et al., 2005a), 
nucleolar RNA helicase II/Gu protein (Yoshida-Kashikawa et al., 2007), musashi 
(Higuchi et al., 2008), Bcl2-like 1 (Pellettieri et al., 2010), and noggin-like gene 8 
(Molina et al., 2011). 
 
For the majority of genes, the data reported in Chapter 3 shaped our expectations for 
expression patterns. Over twenty genes were associated with the cell cycle control, cell 
division and chromosome partitioning functional category; proteins with this designation 
in the COG database include the cyclins and cyclin-dependent kinases, and nearly all 
representatives are expressed in mitotic cells. The cyclins and cdks have planarian 
representatives that are expressed in neoblasts (Eisenhoffer et al., 2008, Kang, 2009). 
The functional category describes a very specific group of genes, and we expected 
genes with this categorization would be expressed in neoblasts. By comparison, 
proteins categorized under signal transduction in the COG database are diverse, 
involving processes including: immune response, hormone-mediated signaling, 
apoptosis, neural communication, and metabolism, among others. Thus, there were no 
clear expectations in regards to expression patterns expected from genes with this 
categorization. So, while bioinformatic assessment provided potential functions for 
approximately half of the genes, in situ hybridization would provide definitive data 
regarding gene expression, giving context to those putative functions. 
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4.2 Results 
DNA and RNA polymerases 
Taq DNA polymerase showed consistently high output using all buffers tested. Buffer 
recipes were taken from Molecular Cloning (Maniatis et al., 1982), the purification 
papers (Lundberg et al., 1991, Pluthero, 1993), and biotech supplier recommendations. 
Pfu DNA polymerase showed minimal processivity in reactions using standard Taq-
based extension times (~20s per 1kb of template). When these were adjusted threefold 
to ~60s per 1kb of template, as per general guidelines, the yields were greatly 
increased and comparable to those of commercial Pfu enzymes. With a hot-start 
method (Barnes & Rowlyk, 2002), both Taq and Pfu were functional, and it eliminated 
the occasional low-level nonspecific priming seen otherwise. Finally, to take advantage 
of the fidelity of Pfu and keep the processivity of Taq, mixtures of the two polymerases 
were made and a 10U:1U (Taq:Pfu) ratio was used for template generation. Repeated 
amplification and sequencing showed this combination to be highly effective at 
generating large amounts of accurately amplified template. 
 
The initial batches of T7 polymerase resulted in several hundred thousand units of RNA 
polymerase (RNAP). It was functional in a variety of buffers: those described in the 
paper (He et al., 1997), several available from commercial kits and recipes from 
Molecular Cloning (Maniatis et al., 1982). With a standard Molecular Cloning buffer that 
was modified to include pyrophosphatase—an enzyme that prevents the natural 
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inhibition of transcription by the accumulated pyrophosphate byproducts of nucleotide 
assembly—RNA was produced on a scale comparable with MegaScript (ProMega). 
 
The first batch of T3 polymerase required specific reaction conditions, and worked only 
in the buffer described in the synthesis paper (He et al., 1997). It produced RNA in 
amounts needed for experiments and appropriately incorporated digoxigenin, but when 
compared unit for unit the T3 RNA polymerase was not as processive as the T7 RNA 
polymerase. Later modifications to the T3 induction process included: complete 
reduction of rotation during initial growth; near-complete reduction of shaking/rotation 
during expansion and induction phases; and greatly increasing the ratio of flask volume 
to growth media. These modifications resulted in a large increase in Units of T3 enzyme 
harvested after synthesis, and the new enzyme worked in a variety of reaction buffers, 
similar to the T7 RNAP. Those synthesis conditions could be applied to the T7 and Sp6 
RNAPs, with no reduction in harvest. 
 
In situ hybridizations 
In situ hybridizations were performed for all 380 genes in the conserved cohort, as well 
as 65 random ESTs. For both groups, hybridizations that resulted in a definite 
expression pattern were stopped after developing for an average of 13 hours, with the 
fastest being 1.5 hours and slowest 30 hours; this group comprised over 80% of the 
reactions. The remaining hybridizations were allowed to develop for an average of 8 
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hours more (21 hours), with a maximum of 32 hours before being stopped after 
background staining appeared in negative control animals. 
 
In situ hybridization analysis: Gross expression 
Comparing the conserved cohort to the randomly selected ESTs, a higher percentage of 
the conserved group does not show a clear expression pattern; approximately 20% 
(75/380) of the group showed no discernible expression, as opposed to 4.5% of the 
random control group. The data were parsed as nominal entries and are unpaired, thus, 
Chi-squared test of independence (Motulsky, 1995) was used for assessing differences 
between groups. Assuming the “random” group utilized here represents a true random 
sampling, the conserved cohort has a significantly greater number of hybridizations 
without discernible expression than would be expected (p<0.05, Table 4.1). Within the 
conserved cohort, genes homologous to hypothetical proteins are also more likely to 
have no discernible expression (p<0.05, Table 4.2). 
 
In situ hybridization analysis: Region definitions 
Expression pattern analysis began by determining a method for grading and scoring the 
patterns. Regions of expression were thus determined within the planarian. Animals 
were defined by zones as shown in Figures 4.1 and 4.2: 1) head periphery, thought to 
contain sensory nerve processes as well as ducts for mucous secretion (MacRae, 1967); 
2) the paired photoreceptors, the planarian’s primary light-sensing organ, connected to 
the cephalic ganglia by visual axons (Inoue et al., 2004); 3) bi-lobed cephalic ganglia, 
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the horseshoe-shaped ‘brain’ of the planarian (Agata et al., 1998, Cebrià et al., 2002b, 
Collins et al., 2010, Mineta et al., 2003, Nakazawa et al., 2003, Okamoto et al., 2005); 
4) ventral nerve cords, which run from below the cephalic ganglia to the tail of the 
animal and attached to the body wall’s nervous plexus (Agata et al., 1998, Cebrià et al., 
2002b, Collins et al., 2010, Mineta et al., 2003); 5) gut, the large structure has three 
primary branches and extends from the anterior to the posterior of the animal 
(Forsthoefel et al., 2011); 6) the muscular pharynx serves as both mouth and anus 
(Kobayashi et al., 1999); 7) “punctate” cells, this diverse group is comprised of 
individual cells scattered throughout the animal’s body without association to another 
structure and includes the neoblasts (Sanchez Alvarado et al., 2002); and 8) the 
epidermis, the pigmented outer cellular layers of the planarian (Bowen & Ryder, 1974). 
Initial analyses employed four additional designations: 1) a distinction between the gut 
and the surrounding mesenchyme, 2, 3 and 4) categories of varied punctuate 
expression patterns. Categories were combined with others when 1) the mesenchyme 
and gut, and 2, 3) puncta from the mesenchyme and the subepidermis proved difficult 
to discriminate accurately and over the course of repeated measures during the image-
scoring phase; while 4) the epidermis and epidermal puncta were both cells above the 
basement membrane and no sufficient reasoning could be made to separate these 
categories. This finalized scoring method made for rapid assessment of the expression 
patterns. 
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In situ hybridization analysis: Expression patterns 
The results of expression scoring are shown in Table 4.1 and Figure 4.3. Of the eight 
regions scored, only three show significantly different expression by chi-squared 
analysis as compared to controls. Fewer genes from the conserved group are expressed 
in the ventral nerve cords (P<0.05) or the punctate cell group (p<0.05) than would be 
expected, while more genes from the conserved group are expressed in the gut 
(p<0.05) than would be expected. The other regions show non-significant differences 
between the conserved cohort and the random control group. Of note, there were no 
genes in the conserved cohort that had a stereotypical neoblast expression pattern, as 
exemplified by the planarian homologs of histone H2B (Guo et al., 2006) and piwi 
(Sanchez Alvarado et al., 2002), while two in the random control group did have such 
expression. 
 
Analysis of the expression data by principal component groups did not reveal expression 
pattern variation between groups. However, when genes without apparent expression 
were analyzed by their component groups the distribution from PC1 (very conserved) to 
PC6 (not well conserved) was skewed (Table 4.3), with only one PC1 EST having no 
discernible expression. 
 
4.3 Summary 
The expression data generated were surprising. There no conserved cohort genes with 
apparent neoblast expression. When compared to a control group, even the punctate 
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expression profile indicative of neoblasts and cells in various stages of differentiation 
appears to be selected against. Expression in the nervous system followed the same 
trend, with fewer genes expressed in the cephalic ganglia, and significantly fewer genes 
were expressed in the ventral nerve cords in the conserved group than expected. 
Although there was no apparent neoblast expression, there were a very large number 
of genes with expression in the gastrovascular system (gut) of the planarian. While 
nearly 50% of ESTs in the control group showed gut expression, in the conserved 
cohort it was closer to 70%. Finally, the conserved cohort appears to have selected for 
genes without discernible expression patterns. This may indicate that they are 
expressed periodically, in a situation-dependent manner, or at levels below the 
detectable limit for in situ hybridization. 
 
There have been many genes shown to be expressed in planarian neoblasts, including 
homologs of cyclinB (Eisenhoffer et al., 2008, Kang, 2009), histone family members 
(Sanchez Alvarado et al., 2002), histone modifying proteins (Reddien et al., 2005a), 
elongation factors (Eisenhoffer et al., 2008), bruno (Guo et al., 2006), and piwis 
(Reddien et al., 2005b). Nearly all of these genes are highly conserved among 
metazoans. The components of cell cycle function and regulation in particular are highly 
conserved among eukaryotes. So conserved, that cyclin genes from flies (Leopold & 
O'Farrell, 1991) and humans (Lew et al., 1991) are able to rescue yeast mutants 
deficient in their native cyclin, and with this degree of conservation, there were no 
expectations that novel cell cycle components would be identified in this screen. 
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Likewise, the proteins associated with chromatin structure, chromatin modification and 
transcription are not expected to be variably conserved because of their fundamental 
nature. There are also proteins known to be involved in the development and 
maintenance of the germline in other organisms. As this project was designed to find 
genes conserved in somatic tissue regeneration, those proteins with germline function 
would likely have been removed. However, many uncharacterized genes have been 
demonstrated to be expressed in neoblasts (Rossi et al., 2007) and their progeny 
(Eisenhoffer et al., 2008). Thus, while it was expected that well-known and highly 
conserved proteins involved in stem cell maintenance would not be present in the study 
cohort, it was expected that several uncharacterized genes would exhibit neoblast 
expression. However, that expectation arose when Drosophila spp were thought 
incapable of adult somatic tissue regeneration and possessed only germline stem cells 
as adults. If the highly conserved model of regeneration effectors is accepted, the lack 
of neoblast expression patterns is perhaps more understandable given that somatic 
tissue replacement does take place in the adult Drosophila midgut. 
 
The differences between the gut proper and the surrounding mesenchyme are 
significant and well-delineated anatomically (Forsthoefel et al., 2011), but the resolution 
of detail available with in situ hybridization made discrimination between the two 
difficult to score consistently. However, the conserved cohort still shows a striking 
number of genes with expression in and surrounding the gut as compared to the 
control group. Correlation with functional categories did not expose any apparent trends 
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in this group, nor were there biases towards the hypothetical proteins. However, nine of 
the ten genes homologous to TNF-receptor associated factors showed this expression 
pattern, suggesting there may be a strong immune component present alongside 
normal gut function in planarians.  
 
No bioinformatic characteristics could be ascribed to particular expression pattern 
groups: there were no significant differences with hypothetical versus characterized 
homologs and no enrichment in particular functional categories, though there was a 
trend suggesting that genes categorized in signal transduction were more likely to have 
a visible expression pattern than would be expected. There were, however, some 
commonalities among genes without discernible expression: they were poorly 
conserved across phyla and were more likely to be classified as hypothetical or 
predicted. They were not significantly likely to belong to a particular functional 
category, but there was a trend suggesting those categorized as secondary metabolites 
biosynthesis, transport and catabolism, were less likely to have a visible expression 
pattern. In situ hybridization is a snapshot of gene expression and there is significant 
dynamism to the expression of many genes (Pombo & Branco, 2007), so there may be 
reasons these proteins are poorly characterized—basal low expression levels, very 
transient expression, and no well-known domains all make for a difficult discovery 
process. Would further work be pursued in this area, an initial step would be employing 
the refined in situ hybridization protocol described by Pearson et al. (2009) which 
purports to increase the resolution, lower the apparent limits of detection, and expand 
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the utility of fluorescent probes. Examining each gene’s expression at a variety of time 
points during regeneration would also be beneficial. 
 
With the bioinformatic characterization and gene expression patterns determined, the 
next step is to determine if the genes play a role in the regenerative process.  While 
there are a large number of genes without discernible expression, it is possible that 
they exhibit a patterned expression during brief phases of regeneration. This would 
render them undetectable in our whole animal screen, yet they could play roles in 
regenerative processes. 
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Chapter 5: 
Planarian expressed sequence tags conserved in regenerative organisms: 
Double-stranded RNA-mediated RNA interference to assess function during 
regeneration 
 
5.1 Introduction 
The importance of accompanying bioinformatic characterization with experiments to 
assess function is a point that has been repeatedly emphasized over the course of my 
education. In keeping with that philosophy, we sought to employ functional studies with 
the bioinformatic and in situ characterizations of the conserved cohort. Double-stranded 
RNA-mediated RNA interference (RNAi) is an effective tool for perturbing gene function 
(Fire, 1999), and was demonstrated to be an effective means to knock down gene 
expression in planarians (Sanchez Alvarado & Newmark, 1999). In a method similar to 
that used with C. elegans (Timmons et al., 2001), it was shown that planarians fed E. 
coli expressing dsRNA exhibited specific knockdown (for up to 24 days post-feeding) of 
target gene expression with no observed toxicity in controls (Newmark et al., 2003). 
Bacteria express double-stranded RNA from a “feeding vector” (Reddien et al., 2005a), 
and methods that make use of the Gateway system (Invitrogen) for rapid construction 
of said vectors opened the doors to larger-scale applications of RNAi.  
 
In the first large-scale RNAi screen in planarians (Reddien et al., 2005a), ~25% of the 
genes screened presented a host of regeneration defects, including: death of planarians 
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after extensive blistering and lesion formation, ectopic outgrowths, tissue hyperplasia, 
blastema regression, no blastema formation, improper visual axon targeting, ectopic 
visual axons, no formation of optic chiasm, and no regeneration of photoreceptors. In 
addition to those, the number of defects described after RNAi in planarians is large and 
continues to expand: defects in visual axons, brain and ventral nerve cords after RNAi 
perturbation of netrin/DCC (Cebrià & Newmark, 2005) and slit/robo (Cebrià et al., 2007, 
Cebrià & Newmark, 2007) signaling; loss of stem cell maintenance after knockdown of 
bruli in Schmidtea mediterranea (Guo et al., 2006) and pumilio in Dugesia japonica 
(Salvetti et al., 2005); loss of anteroposterior identity after knockdown of beta-catenin 
(Gurley et al., 2008, Petersen & Reddien, 2008) and hedgehog (Rink et al., 2009, 
Yazawa et al., 2009) signaling pathways; and defects in mobility after knockdown of 
genes associated with centriole assembly (Azimzadeh et al., 2012); among others. 
  
We performed RNAi with each the genes of the conserved cohort (Figure 5.1). From 
review of the literature and intralab discussion, a host of potential regeneration 
phenotypes were known. It was anticipated that the gross effects of knockdown on the 
planarians’ regenerative capabilities could be assessed after amputation. After two 
courses of RNAi and regeneration, surviving animals would be examined for defects in 
movement and aberrant functional recovery of the visual system. Lastly, the internal 
structure would be examined using immunofluoresence: 1) an anti-arrestin antibody 
VC-1 that specifically labels visual axons (Sakai et al., 2000); 2) an antibody to 
Drosophila synapsin (3C11, Developmental Studies Hybridoma Bank) (Klagges et al., 
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1996) that labels the planarian nervous system (Cebrià, 2008); 3) proliferating cells 
would be visualized using an anti-phospho-Histone H3 antibody (Hendzel et al., 1997). 
It was anticipated that if gross phenotypes were not apparent during the course of the 
screen, these additional endpoints would permit detection of more focal perturbations. 
 
5.2 Results 
Statement on errors, revision and recalibration 
Knockdowns were not performed for the entire cohort as originally proposed. There 
were three primary factors for this, the first two being: 1) a large mishap with the 
tracking of the feeding vectors, and 2) a paucity of phenotypes of any sort being seen 
after knockdown. To address the latter, at the outset of the study, while 
troubleshooting, three genes from the conserved cohort were evaluated in addition to 
Smed-slit. Remarkably, all three showed regeneration phenotypes, and the project 
continued. The next 350+ genes showed only three more RNAi phenotypes, for a total 
of six genes with RNAi phenotypes at that point: one movement (Coiled-coil domain 
containing 108), two patterning (nou darake, noggin-like-gene 8), two affecting 
regeneration (bromodomain containing 2, SNF-related domain-containing) and one 
rapid death (Smed-Bcl2-1). When the alerts that the feeding vectors had been affected 
arose, there were several possibilities for what had happened: 1) feeding vector 
plasmids were switched within the plates, so that the appropriate genes were being 
knocked down but we did not have the correct EST:experiment pairing; 2) errors in 
feeding vector production, sequencing and/or storage, meaning we were not knocking 
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down any of the sequences we intended to; or 3) some combination of the above. After 
several rounds of sequencing and verification, the problem was determined to be 
widespread, affecting nearly 150 knockdowns, but not all previous work. A revised 
group of knockdowns was proposed, wherein 44 would be redone so that the two most 
conserved principal component groups would be completed, and the remainder would 
be abrogated. It would mean 268 genes would be assessed for effects on regeneration, 
with 60 genes unverified in their knockdown status (there were no apparent 
regeneration phenotypes in that group) and approximately 52 genes would remain 
completely unexamined. By the time this problem was resolving, the third factor had 
blossomed, and this had the greatest impact on the study’s overall goals and meaning. 
 
One of the two pillars underlying this study’s premise collapsed with the discovery of 
somatic tissue replacement in the adult Drosophila midgut, The work could still have 
been revised, seen perhaps as an investigation of gene loss in the ecdysozoans, or 
rather, gene conservation between the lophotrochozoans and deuterostomes. However, 
over the years, numerous sequencing projects within ecdysozoan lineages had been 
adding protein predictions, and protein-coding regions found during deep sequencing of 
Drosophila spp and Caenorhabditis spp heterochromatin became available. Running the 
comparative algorithm outlined in Chapter 3 now results in a cohort of 157 genes, and 
as more data becomes available it is likely to continue to change. 
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RNAi results for the cohort 
Despite the changed landscape, the revised RNAi experiments were performed and 
concluded. In the final 44 redone RNAi experiments, two additional phenotypes were 
observed: one affecting movement (Tetratricopeptide 18), and one affecting 
regeneration (MORC CW-type zinc finger 2). This brought the total number of RNAi 
phenotypes to 8/268 (3%) at the end of the study. Four of those genes’ phenotypes 
have been previously published, leaving four novel phenotypes. All eight will be briefly 
discussed here. 
 
RNAi of nou darake (Figure 5.2) 
Nou darake is expressed in the very anterior part of Schmidtea mediterranea, 
encompassing the head periphery and cephalic ganglia. Knockdown of nou darake in 
Schmidtea mediterranea resulted in a similar phenotype as that seen in japonica (Cebrià 
et al., 2002a): grossly, ectopic photoreceptors developed; by immunostaining it was 
apparent that the cephalic ganglia were not restricted to the head region, extending to 
the level of the pharynx in both head and tail regenerates. The terminal portions of the 
visual axons extended further into the animal than seen in controls, and ectopic visual 
axon projections were seen extending to the surface. 
 
RNAi of Smed-Bcl2-1 (Figure 5.3) 
The Schmidtea mediterranea homolog of Bcl2-1 is expressed in the gastrovascular 
system, and in accordance with the published report (Pellettieri et al., 2010), 
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knockdown of Smed-Bcl2-1 resulted in animal lysis. This occurred on average six days 
after the first feeding. Lesions were noticeable on day 2, before the second feeding 
occurred. Animals would eat less than 10% of the time at the second feeding and were 
covered in lesions by the time they were to be cut. Thus, no attempts at assessing 
regeneration were made, and data were gathered regarding the timeline of lesioning 
and death. In almost all cases, despite the abundance of lesions, animals were mobile 
until the day before lysis. 
 
RNAi of Smed-nlg-8 (Figure 5.4) 
There were five genes homologous to noggin in the conserved cohort; only one had a 
phenotype after RNAi. This EST was expressed in cells throughout the dorsal epidermis 
(Molina et al., 2009). During RNAi, animals were noted initially for indented anterior and 
posterior blastemas, photoreceptors that were deeper than their normal position in the 
epidermis, and that they would flip between dorsal- and ventral-side down repeatedly.  
Immunofluorescence with 3C11 showed the ectopic development of ventral nerve cords 
on the dorsal side of the animal. These were present by the end of the first 
regenerative phase in approximately 75% of the animals and in 100% of the animals by 
the end of the second regenerative phase. 
 
RNAi of bromodomain containing 2 (Figure 5.5) 
This gene is expressed at a low level in the gut region and in the cephalic ganglia. The 
RNAi animals develop blastemas appropriately time after amputation, but they slow in 
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growth rate at approximately day 3. Blastemas continue grow, but lag behind the 
control animals. Photoreceptors do not develop in the regenerated heads. Pigment cups 
of the photoreceptors appear large in size in head pieces. Pharynges develop in head 
regenerates. Immunofluorescence shows no visual axons in the regenerated heads, and 
frayed-looking visual axons in head fragments. In both head regenerates and 
regenerated heads, tubulin staining in the cephalic ganglia is less intense than in 
controls.  
 
RNAi of CW-type zinc finger 2 (Figure 5.6) 
This gene is expressed around the gut region and in the cephalic ganglia. The RNAi 
animals are able to close their wounds and initiate blastema formation after 
amputation, but after 4 days, there is no growth of the blastema. Head fragments do 
not regenerate a pharynx, tail fragments do not regenerate head structures. Animals 
stopped moving at approximately day 8, and did not eat a second time. At 
approximately day 15 the animals started lysing. All animals were dead by day 18. 
 
RNAi of SNF2-related domain-containing (Figure 5.7a) 
This gene is expressed around the gut and the cephalic ganglia. The phenotype elicited 
during RNAi is moderate accordance with that previously reported (Reddien et al., 
2005a) except for the blastema shape and the movement description. These animals 
were able to close their wounds, and would start to develop a blastema. At 
approximately day 4, the blastema would begin to regress. It would reach the point of 
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the preexisting tissue and stop. A pointy blastema was not observed. Both fragments 
retained their ability to move, albeit in an inchworm-like fashion for several days. The 
reported flipping behavior was not seen. Starting on a reported day 12, lysed animals 
were seen in the dishes, and on day 14, all animals were dead. 
 
RNAi of Tetratricopeptide18 (TTC18) (Figure 5.7b) 
This gene is expressed in the head periphery as well as the pharynx. On the first day 
after amputation, the mobile head fragments exhibit a “stick-n-stretch” or “inchworm” 
type of movement. This lasts until approximately day 9 of regeneration, at which time 
the animals resume a normal movement style, but at much slower speeds than the 
control animals. This timeline is repeated with the second set of feeding. 
Immunofluorescence showed no differences between TTC18 RNAi and control. 
 
RNAi of Coiled-coil domain-containing 108 (CCDC108) (Figure 5.7c) 
This gene shows no apparent expression by in situ hybridization. On day 3 after the first 
feeding, animals exhibit a “stick-n-stretch” or “inchworm” type of movement. This 
knockdown affects movement for an indeterminate amount of time (observed animals 
through 21 days after second round of feeding and amputation). Immunofluorescence 
showed no differences between CCDC108 RNAi and control. 
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5.3 Summary 
This RNAi screen did not encounter the same degree of phenotypes as a previous 
planarian screen (Reddien et al., 2005a). Only 8/268 (3%) of the ESTs assessed with 
RNAi showed a phenotype, as compared to approximately 25% in the Reddien study. 
This strongly suggests that the comparative screen was selecting for something other 
than regenerative capabilities. The presence of many immune related homologs lends 
some force to that idea, but at present we do not have a screen for planarian immunity, 
and the goal of the study was to investigate conserved regenerative processes. 
 
We recorded data in an ongoing fashion during knockdown of these animals; the 
changes we were screening for after RNAi included: wound closure, blastema 
formation, blastema growth, photoreceptor development, recovery of negative 
phototaxis, as well as abnormal movements. With immunofluorescence, we were 
checking for pharynx morphology, nervous system construction, and mitotically active 
cells. This does not include the entirety of potential phenotypes at all, but rather those 
we felt were intimately involved in the regenerative process. The phenotypes we found 
were diverse in nature. 
 
Previous planarian RNAi: Nou darake, Smed-Bcl2-1, Smed-nlg-8, SNF-related 
Nou darake was initially shown to restrict cephalic ganglia to the head region in Dugesia 
japonica (Cebrià et al., 2002a). It is a homolog of Fibroblast growth factor receptor-like 
1 (FGFRL1) (Wiedemann & Trueb, 2000), and while initial work suggested restricted 
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conservation in the vertebrates, it has now been found in nearly all metazoan phyla in 
which it has been sought (Bertrand et al., 2009), including C. elegans and D. 
melanogaster. FGFRL1’s extracellular domain is similar in structure to the other 4 FGFRs 
and interacts with a host of FGFs as well as heparin, but the intracellular domain lacks 
protein tyrosine kinase activity (Trueb et al., 2003) and instead binds to proteins in the 
Sprouty family (Zhuang et al.). While FGFRL1 plays an essential role for murine kidney 
development, with knockout mice failing to develop any kidney structures (Gerber et 
al., 2009), its role in nervous system patterning is currently unknown. Aside from 
showing the Schmidtea mediterranea nou darake functions as the Dugesia japonica 
homolog, there was no new data that we added to nou darake’s identity with this study. 
 
Similarly with Smed-Bcl2-1, there was little data we could add to the already published 
information (Pellettieri et al., 2010). Bcl2 is a well-studied, and is known to be involved 
in a host of processes from embryonic development to immunity (Danial & Korsmeyer, 
2004). This work corroborated the previously presented RNAi phenotype, and provided 
some data regarding the timelines for lysis that were achieved using the system 
described above. 
 
Noggin has been traditionally studied as a BMP4 antagonist, however, in planarians, 
there are ten known noggin/noggin-like genes. Smed-nog1 acts as a traditional noggin 
and was not present in our EST library; it appears to antagonize BMP signaling, and 
exerts a dorsalizing force during regeneration and homeostasis (Molina et al., 2011). 
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However, the Smed-nlg-8 phenotype and the Smed-BMP phenotype are very similar. 
After RNAi, both exhibit the indentation of the blastemas, and both result in ventralizing 
of the animal’s dorsal plane, though Smed-nlg-8’s is neural in nature while BMP’s 
ventralization includes growth of functional ventral cilia on the dorsal surface (Molina et 
al., 2011, Reddien et al., 2007). This suggests opposing roles for the noggin-like gene 8 
and noggin 1, an enhancer rather than antagonist, respectively. 
 
The SNF-related domain-containing protein has no annotation. Its published data has 
done little to explore its function, instead simply noting the expression pattern and the 
phenotype after RNAi (Reddien et al., 2005a). The phenotype we observed was not 
strictly in accordance with what they had observed, with blastema shape and absence 
of a flipping phenotype being the major differences. The animals in our study did not 
develop pointy blastemas which lysed, but instead showed regression of the 
regenerated tissue. Additionally, they moved with the inchworm-like motion seen with 
the TTC 18 and CCDC 108 phenotypes. 
 
The CW-type zinc finger 2 shows an expression pattern similar to the SNF-related 
domain-containing protein. Studies of the protein in cell culture outline a role as a 
nuclear protein with a primary role as a transcriptional repressor (Wang et al., 2010).  
The RNAi animals have the ability to initiate blastema formation, but fail to increase 
blastema size or develop replacement structures. This suggests the initial mitotic burst 
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takes place, but either further proliferation fails or appropriate migration into the 
blastema is prevented. 
  
The RNAi phenotype of bromodomain containing 2 shows two potential effects: the 
head pieces fail to maintain their photoreceptors, while the tail pieces fail to regenerate 
visual axons, and appear to incompletely regenerate the cephalic ganglia. This protein 
has been studied primarily in vitro, with its effects on repression of viral replication 
being the primary emphasis (Wu & Chiang, 2007). 
 
Tetratricopeptide 18 (TTC 18) and coiled-coil domain containing 108 (CCDC 108) show 
very similar movement phenotypes.  Recent work has shown that these families of 
proteins are likely to be involved in formation and maintenance of planarian centrioles 
as well as ciliogenesis (Azimzadeh et al., 2012). In that study, absence of definitive 
gene expression patterns with movement phenotypes after RNAi was common. 
Although these two genes in particular were not investigated during the study, many 
other TTC and CCDC family members were, and all showed similar movement 
phenotypes. 
 
Four ESTs showing phenotypes (Nou darake, Smed-Bcl2-1, bromodomain-containing 2, 
and CW-type zinc finger 2) are all part of the group that would be lost were the 
comparative assessment run again. That is, since the initial assessment, proteins have 
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been found in the ecdysozoans that would be homologs to the planarian ESTs. All the 
TRAF homologs would also be lost in the new ecdysozoan comparison. 
 
Thus, there are remaining four ESTs (noggin-like gene 8, CCDC 108, TTC 18, and SNF-
related domain-containing) that maintain the conservation profile outlined at the 
beginning of the study. Potential relationships between them involve cilia, as three 
(CCDC 108, TTC 18 and SNF-related) result in inchworm-like movement defects after 
RNAi. Noggin-like gene 8 may also be related, because although this particular noggin’s 
RNAi defects did not include cilia defects, perturbation of dorsoventral polarity can 
result in aberrant ciliogenesis (Molina et al., 2011). In vertebrates, there is a 
relationship between noggin and cilia demonstrated in studies of the stem cell niches of 
the ependyma in the brain, wherein the ciliated cells lining the ventricle express noggin, 
which in turn is necessary for maintenance of the neuroprogenitor niche (Lim et al., 
2000). This relationship to cilia remains the only apparent connection between these 
four genes. 
 
The question remains: Why so few RNAi phenotypes? There are several possible 
explanations. RNAi may not be effectively knocking down gene expression. However, a 
majority of the genes assessed had discernible expression patterns, and although we 
did not implement nonoverlapping probes for in situ hybridization we saw consistent 
knockdown of gene expression. RT-PCR can also be used to validate knockdown of 
mRNA, and that was not done for this study. Second, effective knockdown via RNAi 
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does not mean 100% knockout (DasGupta et al., 2007) and it is possible that despite a 
high degree of mRNA knockdown, particular proteins may be able to effectively perform 
their necessary functions with reduced levels of expression. Third, although mRNA 
expression is effectively reduced, the proteins may persist, rather than being produced 
on demand. Extended knockdown may be necessary to effectively reduce the levels of 
these perdurant proteins. We tried to account for these scenario by implementing 
multiple rounds of feeding and amputations, but the possibility remains. Additionally, 
there may be phenotypes present, but the assessments performed did not identify 
them. For example, we were not measuring the blastema surface area during 
regeneration or the rate of growth. Nor did we assess all the animal’s cell types, so 
defects such as variations in arrangement of tissue layers, or abnormal arrangement of 
protonephridia, would go undetected. 
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Chapter 6: 
Summary and Conclusions 
 
The work performed for this dissertation sought to shed light on the processes of 
regeneration. We saw that using model organisms to study regeneration revealed highly 
conserved genetic pathways underlying the regeneration process. Our query was: Is 
recruiting those processes an ancient capability that has been selectively conserved in 
regenerative organisms? That is, does the study of regeneration in “simpler” organisms 
help us understand the innate biological functions permitting regeneration? Or has each 
regenerative organism has developed its own way of replacing somatic tissues as an 
adult, and are studies more likely to provide insight into how we may artificially recruit 
those processes? These questions arise from the arguments in evolutionary and 
developmental biology as to whether regeneration is indeed an ancestral trait 
selectively lost, or if it has been gained throughout diverse lineages during the course of 
evolution. 
 
The comparative studies were performed to search for those potential selectively 
conserved genes. To find these regeneration effectors, the Newmark lab EST library 
was used to search for homologs in proteomes of organisms capable of somatic tissue 
replacement as adults. The cohort of genes that were uncovered were then 
characterized in silico, with in situ hybridization, and many had functional assessments 
with RNAi. Over the course of the study, it was discovered in a stepwise fashion that 
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the conserved cohort had a far different character than we had anticipated. The initial 
bioinformatic analyses were encouraging. The goal of the comparative studies was to 
move away from the well-studied genes affecting regeneration, and to look for the less 
common components and overlooked pathways. In that, it was a success, as no genes 
in the conserved cohort were homologous to genes known to be involved in 
proliferation or stem cell maintenance, but several were involved, or related to genes 
known to affect patterning and polarity pathways. 
 
When we analyzed the expression patterns of these genes, it appeared that we were 
selecting against genes expressed in the typical proliferating or differentiating cell 
patterns, against genes expressed in the nervous system, and for genes expressed in 
the gastrovascular system of the animal. The trend was concerning, but it was not until 
significant progress was made through the RNAi that it became clear the cohort was not 
going to reveal a great number of regeneration effectors. The previous explanations for 
a paucity of RNAi phenotypes are based on the premise that there should be more 
regeneration phenotypes. However, another consideration is that regeneration is no 
longer the unifying principle behind the conserved cohort, because adult somatic tissue 
replacement occurs in Drosophila. Thus, removal of ESTs with Drosophila homologs was 
selecting for genes with some other commonality among the “regenerative” group. 
 
As previously stated, it was thought that this analysis could be interpreted as a study of 
genes lost by the ecdysozoans. However, deep sequencing of Caenorhabditis and 
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Drosophila that included facultative heterochromatin increased the number of planarian 
genes with homologs in the ecdysozoan lineages, and reduced the conserved cohort to 
157 genes. Does this actually describe a particular group with some biological 
commonality? Or could one expect this number of genes to meet criteria by chance? To 
my knowledge, there are not particular statistical measures that can be applied to this 
question and the closest sort of analysis employed a well-curated group of gene families 
(Wyder et al., 2007). They did demonstrate a higher rate of gene family loss in the 
insects, but showed that it was closely correlated with a particular lineage’s rate of 
evolution, rather than with genetic pathways or biological processes. Thus, when 
comparing lineages, genetic attrition is expected and may not be associated with 
directed losses. A counter-point to that analysis was a study of eleven gene families 
specifically lost in vertebrates; genes that were well-studied in a other lineages were 
used, and eight of the eleven families were involved in cellular metabolism (Danchin et 
al., 2006). The prevailing idea of this study is that subtle changes to the involved 
pathways throughout evolution resulted in vertebrates without need for these genes. 
  
In this thesis, the lineages used were diverse. There was no preference for well-curated 
gene families, and the methods for determining the conserved group were based on 
examining as many branches of the phylogenetic tree as possible. The limitations this 
approach brought included a potential bias towards genes with higher expression levels 
and those involved in basal cellular processes (increased likelihood of discovery in 
diverse organisms) and increased likelihood of “false positive” hits (low e-value, poor 
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conservation, diverse homologs). This broad-base approach is in contrast to a tightly 
focused comparison, such as that employed in the investigation of the flagellar and 
basal body proteome (Li et al., 2004). However, given the nature of the question, high 
sensitivity to possible candidates was preferable to a stringent focus that may miss 
interesting candidates. 
 
In the end, the studies resulted in examination of a large group of ESTs, with 
assessments including bioinformatics, gene expression, and RNAi to determine 
regeneration defects. With the great change in the underlying data used to establish 
the premise of the study, the results are much less related to the initial hypothesis. 
Therefore, we were unable to provide sufficient data to the question of whether 
regenerative processes are recruited through conserved or de novo mechanisms. 
However, we were able to establish several new phenotypes, and several hundred 
previously uncharacterized genes had their expression patterns described. Furthermore, 
a small cluster of genes were identified that may play a role in ciliogenesis or cilia 
function, and it is hoped that these data will prove useful for further investigations into 
regeneration and planarian biology. 
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Chapter 7: 
Methodology 
 
7.1 Comparative Genomic Studies 
Comparative analyses 
Comparative genomic analysis was performed using our Schmidtea mediterranea 
expressed sequence tag (EST) library derived from whole-animal mRNA. It contains 
over thirty thousand ESTs, representing approximately eleven thousand five hundred 
unique sequences (Zayas et al., 2005). The EST library was compared to protein 
collections retrieved from NCBI during 11/2004 with representatives for regenerative 
and nonregenerative animals (Table 3.1). The collections were retrieved by navigating 
to the indicated branch in the NCBI Taxonomy browser, then collecting all protein 
sequences available at said branch point. These collections were formatted into BLAST 
databases, then compared to the EST library using stand-alone BLASTX (initial version 
2.2.10, with each iteration through 2.2.18). Homologs were determined a ‘hit’ based on 
a requisite bit score of greater than or equal to 44—rather than e-value—due to the 
variable sizes of both the query sequences and the database protein collections 
(Altschul & Erickson, 1985). Further assessments of homology were performed after the 
formation of this initial group using data obtained in a similar manner. Specifically, 
Cnidarian (Putnam et al., 2007), Poriferan (Degnan et al., 2008) and Placozoan 
(Srivastava et al., 2008) protein collections derived from genome assemblies were 
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retrieved from NCBI—after becoming available in 2008—and were used in the same 
manner outlined in Figure 3.1. 
 
Characterization and analyses of ESTs 
The resulting 415 ESTs were aligned by hand to a draft sequence of the planarian 
genome using megaBLAST (Zhang et al., 2000), BLASTN, and Sequencher® version 5.0 
sequence analysis software, (Gene Codes Corp., Ann Arbor, MI USA), and were found 
to represent 380 unique genes. Reciprocal best hits for these sequences were found 
using stand-alone BLAST with non-redundant protein (nr) and nucleotide (nt) databases 
from NCBI. Homolog lists were then hand-curated. This served several purposes: 
remove redundant listings, assess the degree of homology in the cohort, and determine 
particular gene pathways/families with over/underrepresentation in the cohort. 
 
Spotfire DecisionSite for Comparative Genomics (Tibco Spotfire) was used to perform 
principal component analysis. InterProScan (Apweiler et al., 2000, Quevillon et al., 
2005, Zdobnov & Apweiler, 2001) was used to annotate genes with Gene Ontology 
(Ashburner et al., 2000) terms and conserved domains (Altschul et al., 1997, Bucher et 
al., 1996, Eddy, 1998, Scordis et al., 1999), and cutoff e-values of 1e-03 were used for 
these annotations. Using the assigned conserved domains, the Clusters of Orthologous 
Groups database from NCBI (Tatusov et al., 2003, Tatusov et al., 2000, Tatusov et al., 
2001) was queried by hand to assign potential function to each gene. BioPERL (Stajich 
et al., 2002)—specifically the longorf script written by D. Kortschak—was used to 
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translate nucleotide sequences into protein sequences, and those sequences were run 
through the SignalP (Bendtsen et al., 2004) module for BioPERL to assess for signal 
peptide anchors and cleavage sites. Only genes indicated by both of SignalP’s 
algorithms to be potentially secreted proteins were counted in the final estimation. 
 
7.2 In situ hybridization 
Cell culture 
All recommendations, protocols and recipes for broth, plates, glassware, chemically 
competent cells, transformations, glycerol stocks and feeding lines were prepared using 
standardized protocols (Hanahan et al., 1991) applied to DH5alpha, BL21(DE3), BL21 
(DE3)pLysS, BL21 (DE3)pLysE and HT115(DE3) cells. 
 
DNA and RNA polymerase synthesis 
Taq (Pluthero, 1993) and Pfu (Lundberg et al., 1991) DNA polymerases were 
synthesized and purified according to established protocols. Polymerases were tested by 
comparing their output and fidelity to commercial products. Units for each polymerase 
were estimated based on titrated output of the product versus commercial enzymes in 
both in-house and commercial buffers. 
 
RNA polymerases (T3 and T7) were synthesized and purified according to established 
protocols (He et al., 1997). The no-agitation incubation, lower temperature, gentle 
handling, and precise volume distributions proved vital in improving both the yield and 
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activity of the T3 RNAP. This protocol could be used for T7, T3 and Sp6 RNAPs with 
similar excellent yields of highly processive enzymes. RNA polymerases were tested 
against commercial products to determine processivity and assessed for efficient 
incorporation of digoxigenin into transcripts (Höltke & Kessler, 1990).  
 
Synthesis of templates for in vitro transcription 
ESTs from the planarian library were readily available in a pBSII SK+ plasmid backbone 
(Stratagene Cloning Systems, La Jolla, Calif.); these plasmids were used as templates 
for PCR, which was performed using primers for the T3 and T7 recognition sites that 
flanked the EST insert. Taq and Pfu polymerases were used for the amplification, and 
magnesium-precipitate hot start (Barnes & Rowlyk, 2002) was implemented to ensure 
high-fidelity and minimal non-specific amplification. The resultant PCR products were 
purified using Promega's SV96 PCR Purification plates (Promega Corporation, Madison, 
WI). Successful amplification was assessed by agarose gel electrophoresis and random 
sequencing. Nucleotide concentrations were determined using a NanoDrop.  
 
Riboprobe synthesis 
Riboprobes were synthesized using the technique outlined by the Berkeley Drosophila 
Genome Project. In 96-well plates, the aforementioned PCR products were used as 
template in a reaction mixture of 10x transcription buffer, T3 polymerase (antisense 
probes) or T7 polymerase (sense control probes), RNAse inhibitor, 10mM ATP, CTP, 
GTP, 6mM UTP and 4mM digoxigenin-UTP. Reactions were incubated at 27°C overnight. 
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A mixture of DNAse and DNAse buffer were added to each well, and reactions were 
incubated at 37°C for an additional 20 minutes to degrade template. Ammonium 
acetate was added to 1/10 v/v equivalent, then absolute ethanol was added to 3 v/v 
equivalents. The plates were incubated at room temperature for 45 minutes, then at -
20°C for 15 minutes. Plates were spun at 3200xg for 45 minutes at 4°C, then rapidly 
inverted three times to remove supernatant. Plates were spun upside-down over paper 
towels at 100xg for 1 minute at 4°C, air-dried for 5 minutes at room temperature, then 
a formamide- and RNAse inhibitor-containing resuspension buffer was added to each 
well. After allowing probes to sit overnight at -20°C, presence of digoxigenin-labeled 
riboprobe was determined by agarose gel electrophoresis and dot blot assay. For the 
dot blot, 1uL of probe was spotted to Hybond-N+ membrane and crosslinked with UV 
light. Blots were washed with MABT, blocked with MABT and 10% horse serum, then 
incubated in primary antibody (1:20k). After primary antibody incubation, blots were 
washed in MABT, then washed with AP buffer before developing in NBT/BCIP 
(SigmaFast tablets). 
 
Animal husbandry and fixation 
Clonal line CIW4 (Sanchez Alvarado et al., 2002) of the asexual strain of Schmidtea 
mediterranea was used. Animals were maintained at 18°C in 1× Montjuïc salts (1.6 
mmol/l NaCl, 1.0 mmol/l CaCl2, 1.0 mmol/l MgSO4, 0.1 mmol/l MgCl2, 0.1 mmol/l KCl 
and 1.2 mmol/l NaHCO3 prepared in Milli-Q water) (Cebrià & Newmark, 2005) and fed 
once or twice a week with organic beef liver paste. Planarians 4–6 mm in length were 
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separated from the maintenance stocks before experiments and feedings were withheld 
for approximately ten days. Fixation for in situ hybridization was performed as per 
published protocols (Umesono et al., 1997). Animals were placed in glass vials and 
killed with ice cold 2% HCl for 5 minutes with shaking. HCl was removed and animals 
were fixed for 2 hours in Carnoy’s fixative (60% ethanol, 30% formaldehyde, 10% 
acetic acid) at 4°C with gentle agitation. Carnoy’s fixative was removed and animals 
were washed in ice-cold 100% methanol for 1 hour at 4°C with gentle agitation. 
Methanol was removed and animals were photobleached overnight in 6% H2O2 in 
methanol. After bleaching, animals were washed 3 times in 100% methanol, then 
stored in 100% methanol at -20°C. 
 
In situ hybridization 
In situ hybridizations were performed for all 380 genes in the conserved cohort, as well 
as 65 ESTs randomly selected the library. Two or three animals were loaded in each 
well for hybridization, and each hybridization run of 96 wells included no-probe controls 
in the second and last wells of the machine and one standard well-characterized probe 
in the first well. For each conserved gene and control group EST, two or three runs 
were performed with the antisense probe, for a total of six animals hybridized for each 
probe. For each negative (sense) control, only two animals were hybridized. 
 
The planarian whole mount in situ hybridization protocol was first established by 
Umesono et al (1997) and this protocol was adapted (Cebrià & Newmark, 2005, Nogi & 
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Levin, 2005) and used with the Intavis InsituPro (Intavis AG, Köln, Germany), an 
automated liquid-handling robot. With this machine, 96 different whole-animal in situ 
hybridizations can be performed at once in individual columns. Animals (2-3 per 
column) were loaded into the machine’s columns in 100% methanol. Using a 
personalized program for the InSituPro, animals were washed in 3:1 methanol:DEPC-
PBSTX (dPBSTX), 1:1 methanol:dPBSTX, 1:3 methanol:dPBSTX, then 100% dPBSTX. 
Animals were incubated in 0.1 M triethanolamine, pH 7.6, then acetylated using an 
acetic anhydride series (0.25% and 0.5%) in 0.1 M triethanolamine, pH 7.6. Columns 
were brought to 56°C, and animals were washed in 1:1 dPBSTX:pre-hybridization 
solution, then 100% pre-hybridization solution. Riboprobe:hybridization solution with 
5% dextran sulfate (1:500) was denatured at 70°C, and animals were incubated in 
probe for 16 hours. After incubation, animals were washed in 56°C post-hybridization 
solution (post-hybe), post-hybe:2xSSCTx (3:1), post-hybe:2xSSCTx (1:1), post-
hybe:2xSSCTx (1:3), 2xSSCTx (100%), then 0.2xSSCTx (100%). Animals were allowed 
to come to room temperature, washed repeatedly in MABT, then blocked in MABT with 
10% horse serum (MABTB) for 4 hours at 4°C. Sheep anti-digoxigenin (Fab) antibody 
with alkaline phosphatase conjugate (Roche) was diluted 1:2000 in MABTB, and animals 
were incubated in solution overnight at 4°C, then washed repeatedly in MABT followed 
by AP buffer, then once in 1:1 AP buffer:10% Polyvinylalcohol (PVA). Precipitation 
reaction was performed with SigmaFast NBT/BCIP (Sigma) in 10% PVA. When 
developing has reached its maximum, as determined by direct assessment or the 
appearance of background staining on negative controls, the animals were washed with 
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PBS-Tx, then put through a glycerol series until they were in 60% glycerol in PBS. After 
at least one week in glycerol, the animals were taken out of glycerol stepwise, and 
cleared using two 100% ethanol washes. Animals were then taken out of ethanol and 
returned to 60% glycerol in PBS in a stepwise manner. Low resolution darkfield images 
from dorsal and ventral sides were taken using a Leica MZ12.5 dissecting microscope 
with a Microfire camera and software. After completion of imaging and scoring, 
representative animals for each EST were transferred to 96-well plates and sealed with 
parafilm for long-term storage at 4°C. 
 
Expression pattern analysis 
Expression patterns were classified using a system developed to rapidly screen and 
score the animals. Blinded in situ hybridization images were scored using this system, 
then whole mount animals were assessed, and finally the data was compiled. Initially, 
this system used binary scoring to indicate positive or negative expression in 12 
different regions of the animal. After further examination that included gross cross-
sectioning, it was concluded that several categories could not be reliably differentiated 
with these experiments, so several categories were collapsed and the final assessment 
looked at eight regions of the animal (Figure 4.1). Additional data was recorded to 
denote asymmetric patterns such as gradients, whether the reaction was stopped 
because of background in the negative control, and the developing time. The data set 
created with this system is easily queried either from a tissue-specific perspective or 
from a gene-specific perspective. The conserved cohort expression data was compared 
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to the data from a control set of in situ hybridizations, from randomly selected plate of 
plasmids from the EST library. 
 
7.3 dsRNA-mediated RNA interference 
Cell culture 
All recommendations, protocols and recipes for broth, plates, glassware, chemically 
competent cells, transformations, glycerol stocks and feeding lines were prepared using 
standardized protocols (Hanahan et al., 1991) applied to DH5alpha, DB3.1, and 
HT115(DE3) cells. 
 
RNA interference: synthesis of feeding vectors 
Feeding vectors were created using the Gateway system (Invitrogen). Plasmids were 
collected from the Newmark lab EST library (Zayas et al., 2005). Template plasmids’ 
(pBluescript II SK+) inserts were amplified by PCR using pBS2Att1-F and pBS2Att3-R 
primers. PCR products were purified (QIAQuick PCR purification kit, Qiagen), verified by 
size estimation using agarose gel electrophoresis and random sequencing, and 
concentration was determined using a Nanodrop SV-100. These templates were used to 
perform the Gateway reaction with pPR244 Entry vector (Reddien et al., 2005a). 
Reaction products were transformed to DH5alpha chemically competent cells, and 
successful transformants were sequenced for recombination verification and glycerol 
stocks were made for these lines. Successful recombinant plasmids were harvested 
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using Wizard SV Miniprep kit (Promega) and transformed into HT(115)DE3 chemically 
competent cells. 
 
pBS2Att1-F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCTCGAGGTCGACGGTATCGATA 
pBS2Att3-R GGGGACCACTTTGTACAAGAAAGCTGGGTAAACAAAAGCTGGAGCTCCAC 
 
RNA interference: testing the protocols 
Previous work in the lab had demonstrated a phenotype after RNAi of Smed-slit that 
resulted in the collapse of the photoreceptors to the midline, resulting in a cyclopic 
planarian (Cebrià et al., 2007). It was also noted that this midline-collapse phenotype 
had a dose-dependent effect, wherein inefficient knockdown resulted in varying degrees 
of photoreceptor midline shift. This external marker was used to assess aspects of the 
RNAi work while modifying protocols for larger-scale studies, namely reproduction of 
the phenotype when using feeding-based knockdown (as opposed to dsRNA injections) 
and effect of the bacterial pellet storage at -20C on the knockdown effectiveness. 
 
RNA interference: double-stranded RNA induction for knockdown pellets 
Single colonies of the transformed HT115(DE3) feeding lines were used to inoculate 
2xYT (+TET +KAN) and were grown overnight at 37°C with shaking. Overnight culture 
was used to make glycerol stocks and to inoculate 30mL (1:50) of fresh 2xYT (+TET 
+KAN). This culture was grown to OD600 0.4, then induced with 1mM IPTG for 4 hours 
at 37°C with shaking. Induced culture was spun down, 9/10 of the supernatant was 
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removed, and the pellet was resuspended in the remaining 1/10 volume. This was 
aliquoted to 4x1.5mL microcentrifuge tubes, respun, the supernatant was removed, and 
the pellets were frozen at -20°C until use. 
 
RNA interference: feeding protocol 
A frozen aliquot of organic beef liver was thawed and added to a 50mL conical tube and 
1/4 v/v MilliQ water was added. The liver and water were mixed by vortex and 
pipetting. After mixing, the tube was spun at 500xg for 5 minutes at 4°C. An 18g 
needle was used to remove the upper layer of the mixture which was aliquoted in 
500uL portions and stored at -20C. At the time of feeding, 10uL red or blue food 
coloring was added to the thawing aliquot and vortex-mixed until color was 
homogenous. The bacterial pellets were thawed on ice and ~21uL of colored liver 
homogenate was added, this was mixed with a pipette tip and by vortexing then added 
directly to the planarians’ petri dishes. The feeding dishes were shielded from ambient 
light, and animals were allowed to feed for approximately 20 minutes. Successful 
feeding was rapidly assessed by examining the animals under a dissecting microscope 
for the presence of red or blue color (depending on the dye used) in the gastrovascular 
system. Animals that did not feed were removed from the study. 
 
RNA interference: effects on planarian regeneration 
Up to ten 8mm asexual planarians (ClW4) were placed in petri dishes and fed twice 
over the course of one week. Control feedings utilized bacteria expressing Smed-slit 
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dsRNA for positive control) or with the cdd recombination vector in place for negative 
control. Figure 5.1 outlines the RNAi plan. Two days after a successful second feeding, 
animals were cut prepharyngeally using a tungsten microscalpel (Conrad et al 1993) 
and allowed to regenerate for 14 days. After 14 days, the animals were fed 1x, then cut 
prepharyngeally 2 days later. Animals were compared to a positive control and a 
negative control. Animals were assessed daily for wound closure, blastema formation, 
blastema growth, gross morphological defects, photoreceptor regeneration, and the 
number of surviving regenerates. 
 
RNA interference: additional measures 
Once, between days 12-14 of regeneration, movement and negative phototaxis were 
assessed. In a darkened room, regenerates were placed individually in clean petri 
dishes in fresh planarian salts and allowed to acclimatize for approximately 10 minutes. 
They were then placed on one side of the dish, and a directional light was shined on 
that side of the dish. The planarians were observed until they moved out of the light 
and their manner of movement was recorded. If there was no movement or if an 
obvious movement defect was observed early in the knockdown protocol, it was noted 
in the chart for that gene on the day first witnessed. 
 
Immunostaining 
When possible, immunostaining was used to further investigate potential phenotypes. 
Animals were killed in ice-cold 2% HCl in MilliQ H2O for 1 minute with shaking. The HCl 
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solution was removed and animals were fixed for 4 hours with 4% formaldehyde in PBS 
with 0.3% Triton X-100 (PBSTX). After fixation, animals were washed with PBSTx, then 
bleached overnight with 6% H2O2 in PBSTx. After bleaching, animals were washed with 
PBSTx, then blocked with 0.45% fish gelatin and 0.6% acetylated BSA in PBSTx 
(PBSTFB). Primary antibodies were diluted in PBSTFB (anti-phospho-tyrosine P-Tyr-100, 
Cell Signaling Technology, 1:500 or 3C11, Developmental Studies Hybridoma Bank, 
1:100; Histone 3 phosphorylated on serine 10, gift of Dr. Craig Mizzen, 1:5000; and VC-
1, 1:5000) and animals were incubated overnight at 4°C with rocking. Primary 
antibodies were removed, animals were washed repeatedly with PBSTx then blocked 
with PBSTFB at 4°C. Secondary antibodies were diluted in PBSTFB (goat anti-mouse 
conjugated to Alexa 488, Invitrogen, 1:2000 and goat anti-rabbit conjugated to Alexa 
568, Invitrogen, 1:3000) and animals were incubated overnight at 4°C with rocking. 
Secondary antibodies were removed and animals were washed with DAPI (1ug/mL) in 
PBSTx, repeatedly with PBSTX, then 1 hour with 10% glycerol in PBS. Animals were 
soaked in 1:1 Vectashield:60% glycerol in PBS for 15 minutes, then placed on slides, 
coverslips were applied and then sealed with fingernail polish. Animals were then 
rapidly screened to assess gross regeneration of internal structures, looking at the DAPI 
stain for the pharynx, the tubulin or 3C11 stain for the nervous system, and the pH3S10 
antibody for mitotic cells. 
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